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Modified chitosan (CS) has kindled considerable research interest in the last few decades due to its outstanding

biological, chemical and physical properties. Generally, CS can be re-formed with different structural modifi-

cations by using various functional groups. Due to the addition of these functional groups, the physico-

chemical properties of CS can be enhanced without hampering the degree of polymerization inherent in the

CS. Different techniques were employed for the modification of CS. Among these, modifications via revers-

ible-deactivation radical polymerization (RDRP) are found to be the most efficient. RDRP techniques mostly

include atom transfer radical polymerization (ATRP), reversible addition–fragmentation chain transfer polymer-

ization (RAFT) and nitroxide-mediated polymerization (NMP). These methods provide tailored modifications of

CS with controlled molecular weight and dispersity (Đ) leading to better mechanical properties compared to

the modifications performed via conventional methods. Various analytical techniques such as FT-IR, UV-Vis,
1H-NMR, 13C-NMR, XRD, SEM, TEM, TGA, DSC, GPC, etc. are employed to characterize and elucidate the

physico-chemical properties of these modified polymers. These modifications make CS a strong candidate for

different applications in diverse fields of pharmaceuticals, biomedicine, water treatment, etc. This review

covers the recent advances in the syntheses, properties and applications of modified CS via RDRP techniques.
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1. Introduction
1.1 Biodegradable polymers (chitin and chitosan)

In the present scenario, the use of synthetic polymers is a
serious threat to the environment. Most of the synthetic poly-
mers are non-biodegradable in nature and cause different
kinds of environmental pollution. Therefore, the materials
communities are exploring different biodegradable polymers
as their substitutes. Various environment-friendly bio-
degradable polymers have already been developed as substi-
tutes of synthetic polymers because they undergo bacterial
decomposition to form different gases and smaller molecules
such as water, organic molecules and various inorganic salts.
Cellulose, collagen, chitin, silk, starch, etc. are the most com-
monly discussed examples of biodegradable polymers.1

Among these, chitin is the second-most abundant bio-
degradable biopolymer after cellulose.2 In general, chitin is
obtained from the exoskeletons of different arthropods and
the cell walls of some fungi.3 It is a linear homopolymer of
N-acetylglucosamine having β(1,4) linkages and shows cationic
behavior (Fig. 1).4 Chitin has a poor solubility profile and
therefore needs more attention for its further improvement.5

Chitosan (CS) is considered as the most improved version
of chitin. This white to light red powdery substance has a
better solubility profile than chitin. Although chitosan is in-
soluble in water, it is soluble in many organic acids such as
formic acid, acetic acid, tartaric acid, etc. It is also one of the
most versatile, unique and multi-functional biopolymers with
inherent biological properties. CS is a linear polysaccharide
designed with randomly distributed β-1,4-linkages of
D-glucosamine and N-acetyl-D-glucosamine residues (Fig. 2).4

CS can be obtained from chitin via enzymatic or chemical
modification.6 Kafetzopoulos et al. reported a procedure for

the biosynthesis of chitosan from chitin using the enzyme
chitin deacetylase. The enzyme used in the conversion was
obtained from the mycelial extracts of the fungus Mucor
rouxiia that catalyzes the hydrolysis of the acetamido groups of
N-acetyl-glucosamine in chitin.7 The same conversion however
is performed chemically by the process of deacetylation in the
presence of sodium hydroxide (NaOH) at a temperature above
80 °C (Fig. 3).8 The degree of deacetylation of CS can be
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Fig. 1 Structure of chitin.

Fig. 2 Structure of chitosan (CS).
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between 40% to 98% and the molecular weights of CS are in
the range of 5 × 104 Da to 2 × 106 Da.9

CS possesses a special chemical structure, due to which it
shows some interesting and exceptional properties and appli-
cations. It is biocompatible, biodegradable,6 non-toxic, anti-
microbial,10,11 and environmentally friendly, besides having
good adsorption property, and so on.12,13 Basically, CS com-
prises three functional entities, namely a primary amine and
primary and secondary hydroxyl groups in its monomer skel-
eton (Fig. 4).14,15 Although CS has poor solubility in water and
is insoluble in many common organic solvents, its multifunc-
tional nature makes it a peculiar compound. The primary
amino group has the tendency to donate the free lone pair of
electrons which makes it soluble in various aqueous organo-
acidic solvents and capable of forming coordination bonds.16

Copious modifications were performed on CS to increase
its solubility17 and applicability, such as quaternization,18

alkylation,19 acetylation,20 graft copolymerization,21 phos-
phorylation,22 reversible-deactivation radical polymerization
(RDRP),17 etc. These modifications make it a strong candidate
for different applications in diverse fields of pharmaceuticals,
biomedicine,10 water treatment,23 cosmetics,3 agriculture,24

etc. The average degree of acetylation determines the dis-
solution property of CS.23

1.2 Reversible-deactivation radical polymerization (RDRP)

As mentioned earlier, CS can be readily derivatized by various
processes for diverse applications, and RDRP has been found
to be one of the outstanding methods for controlling radical
polymerization via controlling the molecular weight of poly-
mers and dispersity (Đ).25 Polymers obtained via RDRP
methods have well-defined architectures and possess very
good mechanical strength. RDRP can be broadly classified
into three main subcategories, viz. ATRP, RAFT and NMP.26–29

RDRP processes have great potential in different industries.30

Among these processes, the ATRP technique is involved in
the formation of a carbon–carbon bond with a transition
metal as a catalyst, and it is primarily used for the preparation
of polymers with predetermined molecular weights. Numerous
transition metal complexes are employed as catalysts for ATRP,

including those of Cu, Fe, Ru, Ni and Pd. Among them CuBr is
the most commonly used catalyst for this technique.28,29 In
ATRP, the transition metal (Cu) can exist in two different oxi-
dation states. Of the two, the lower oxidation metal complexes
(CuI/L) react with the alkyl halide (Rn–X, where X = Cl, Br, I)
initiator to reversibly produce propagating radicals (R•) and
transition metal complexes coordinated with halide ligands
(X–CuII/L) with a rate constant of activation, say, kact. The
complex then transfers the halogen atom to the radical, and
the alkyl halide and the lower-oxidation-state metal complex is
regenerated. The radicals that arise thus can react with the
monomer unit M and propagate the polymerization with some
rate constant, say, kp. In the termination step, the radicals can
react with each other to form the required polymer with the
rate constant, say, kt. In the further step, the radicals react with
X–CuII/L and deactivate the process with the rate constant, say,
kdeact (Scheme 1).31–33

RAFT is another RDRP technique that involves the prepa-
ration of living polymers via a conventional radical polymeriz-
ation mediated by a reagent called the RAFT agent. It basically
makes use of a chain transfer agent in the form of a thiocarbo-
nylthio compound to achieve control over the generated mole-
cular weight and polydispersity during the free radical
polymerization. RAFT polymerization uses thiocarbonyl com-

Fig. 4 Functional groups present in CS.15

Fig. 3 Conversion of chitin to chitosan (CS).
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pounds such as dithioesters, thiocarbamates and xanthates to
mediate and enhance the polymerization process via a revers-
ible chain transfer process. In this process, the RAFT agent
acts as a transfer agent to form the desired polymer and the
termination cannot be stopped (Scheme 2).34–39

The NMP process is carried out between the growing propa-
gating radical and the nitroxide via radical polymerization. In
this technique, the nitroxide is used as an initiator which has
the ability to generate some well-controlled polymers with very
low dispersity (Đ). Depending on the nature of the R, R1 and
R2 groups present on the nitrogen atom, nitroxides can be pre-
pared using various synthetic routes. The nitroxide radicals
thus formed are organic compounds which contain an ami-
noxyl group. The polymerization kinetics for this process is
controlled by both the activation and deactivation equilibria
(Scheme 3).40–43

These techniques have made RDRP one of the most promis-
ing processes over the last few decades. Moreover, these tech-
niques provide new ways to polymerize and utilize CS in
various aspects.44 This review mostly delineates the modifi-
cation of CS via RDRP techniques which have been carried out
by various research groups around the globe. The modified CS
shows some fascinating and unique properties that eventually
lead to diverse applications in various fields. The obtained bio-
active macromolecular CS and its derivatives were character-
ized and well explained by different physico-chemical tech-
niques such as FT-IR, UV-Vis, 1H-NMR, 13C-NMR, XRD, SEM,
TEM, TGA, DSC, and GPC analyses. These analyses provided
the details of the polymers formed for the desired purpose.

2. Modification of chitosan via RDRP

As stated in previous discussions, although CS is a bio-
degradable polymer, it has very limited applications due to its

poor solubility in water and various organic solvents. To over-
come these problems, various modifications were carried out
by different research groups. This section of the review mostly
emphasizes on different modifications of CS performed via
RDRP, viz. ATRP, RAFT and NMP techniques.

2.1 Modification of chitosan via ATRP

CS has been modified using the ATRP technique by many
research groups. Bao et al. used a grafting onto method to
prepare a well-defined graft copolymer, poly[(2-dimethylamino)
ethyl methacrylate]-graft-chitosan (PDMAEMA-g-CS), under
mild conditions by combining ATRP with active ester conju-
gation (Scheme 4).45 Furthermore, the same group synthesized
a comb-like graft CS terpolymer, i.e. chitosan-graft-poly[(2-di-
methylamino)ethyl methacrylate]-graft-poly(N-isopropyl-
acrylamide) or CS(-g-PDMAEMA)-g-PNIPAM, by combining
ATRP and “click” chemistry. First, PDMAEMA and PNIPAM
were prepared via ATRP and the halide end groups were substi-
tuted by azido groups. Then alkynyl-CS was prepared from CS
via amidation. Finally, PDMAEMA-N3 and PNIPAM-N3 were
grafted onto alkynyl-CS to prepare the novel stimuli-responsive
graft terpolymer (Scheme 5).46 In a similar manner, Yuan et al.
synthesized an amphiphilic chitosan-graft-poly(ε-caprolac-
tone)-(graft-poly(2–2(methoxyethoxy)ethyl methacrylate-co-
oligo-(ethylene glycol) methacrylate)) (CS-g-PCL(-g-P(MEO2MA-
co-OEGMA))) graft copolymer by combining ring-opening
polymerization (ROP), ATRP and click chemistry (Scheme 6).47

In another work, novel alkaline anion exchange membranes
(AEMs) were prepared by Liu et al. via inserting quaternary
phosphonium polymer brush graphene oxide (QPGO) into the

Scheme 1 Illustration of the ATRP process.

Scheme 2 Illustration of the RAFT process.

Scheme 3 Illustration of the NMP process.
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CS matrix (Scheme 7). Firs, QPGO was prepared via ATRP and
then grafted into the CS matrix to form AEMs.48

Another investigation was carried out by Tahlawy et al.
using the grafting from approach. First, CS was modified to
serve as a co-initiator. The CS macro-initiator was prepared by
the reaction of CS with 2-bromo-isobutyryl bromide (BIBB) in
the presence of pyridine. The macroinitiator helped to poly-
merize methoxy-poly(ethylene glycol) methacrylate [MeO
(PEG350)MA] via ATRP (Scheme 8).49 Applying a similar
approach, Chen et al. developed another comb-shaped CS-g-
PNIPAM copolymer from bromoisobutyryl-terminated CS via
ATRP, in which PNIPAM was used as a side chain
(Scheme 9).50

Li et al. synthesized chitosan-g-polyacrylamide (CS-g-PAM)
via surface-initiated (SI) ATRP and investigated to attain better
and selective removal of mercury ions from aqueous solution
(Scheme 10a). The modified CS beads thus obtained were very
efficient in adsorbing mercury ions when compared to pristine
CS beads. The adsorbed mercury ions on the modified CS
beads were desorbed in a perchloric acid solution and the
regenerated beads had almost the same adsorption capacity.51

In a similar approach, Liu et al. developed a polystyrene
(PSty)-grafted chitosan particle (CS-g-PS) in the presence of
1,10-phenanthroline and Cu(I)Br as a catalyst in toluene where
CS bromo-acetamide was applied as a macro-initiator
(Scheme 10b).52 Another investigation of CS as a macroinitia-

Scheme 4 Synthesis of PDMAEMA-g-CS via ATRP.45

Scheme 5 Synthesis of the CS-g-PDMAEMA-g-PNIPAM graft terpolymer via ATRP and alkyne-azide click chemistry.46

Scheme 6 Synthesis of CS-g-PCL(-g-P(MEO2MA-co-OEGMA)) via ROP, ATRP and alkyne-azide click chemistry.47
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tor was carried out by Dryabina et al. in which CS reacted with
2-bromoisobutyl bromide (BIBB) in the presence of DMF
(Scheme 11). Then the pre-prepared macroinitiator was used to
polymerize trimethyloxyethylmethacryloyl ammonium ethyl
sulfate (MEMA MS) to form the CS-g-MEMA MS graft copoly-
mer via ATRP.53 Moreover, Huang et al. reported functiona-
lized cross-linked chitosan (CCS) microspheres with pH-sensi-
tive poly(methacrylic acid) (PMAA) to eliminate Cd2+ ions from
aqueous solution via SI-ATRP of sodium methacrylate (MAAS)
(Scheme 12).54

A new approach for the modification of CS was developed
by Tang et al. in which poly(methylmethacrylate) (PMMA) and
poly(methylmethacrylate)-block-poly(poly(ethylene glycol)
methyl ether methacrylate) (PMMA-b-P(PEGMA)) were grafted
onto chitosan nanospheres (CSNSs) by using FeCl3·6H2O as
the catalyst, triphenylphosphine (PPh3) as the ligand and
ascorbic acid as the reducing agent via an iron(III)-mediated
surface-initiated activator generated by the electron transfer
(AGET) ATRP technique (Scheme 13).55

Another series of new degradable cationic polymers known
as PDCS was developed by Ping et al. via ATRP to functionalize
CS (Scheme 14). PDCS is composed of CS and PDMAEMA, and
it is flexible enough to condense plasmid DNA (pDNA).56

2.2 Modification of chitosan via RAFT

RAFT is another advantageous RDRP technique used by
various research groups for the modification of CS. Hua et al.
first successfully modified CS using phthalic anhydride, and S-
1-dodecyl-S′-(α,α′-dimethyl-α″-acetic acid) trithiocarbonate
(DDACT) acted as a RAFT reagent.

The polymer thus formed undergoes a graft copolymeriza-
tion with acrylic acid (AA) at 80 °C to form chitosan-graft-poly
(acrylic acid) (CS-g-PAA) (Scheme 15a).23 By applying a similar

Scheme 7 Synthesis of AEMs via ATRP.48

Scheme 8 Synthesis of the CS macroinitiator.49

Scheme 9 Synthesis of CS-g-PNIPAM via ATRP.50

Polymer Chemistry Review

This journal is © The Royal Society of Chemistry 2020 Polym. Chem., 2020, 11, 6718–6738 | 6723



procedure, Abbasian et al. also synthesized CS-g-PAA using
4-cyano-4-[(phenylcarbithiol)sulfanyl] pentanoic (RA) acid as a
RAFT reagent at 75 °C (Scheme 15b).57 In another attempt,

Hua et al. also outstandingly synthesized chitosan-graft-poly(N-
isopropylacrylamide) (CS-g-PNIPAM) using DDACT as a RAFT
reagent (Scheme 15c).58 In another work, N-phthaloychitosan-

Scheme 10 Synthesis of (a) CS-g-PAM and (b) CS-g-PSty from the CS macroinitiator via SI-ATRP.51,52

Scheme 11 Synthesis of CS-g-MEMA MS from the CS macroinitiator via ATRP.53
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graft-(poly(N-isopropylacrylamide)-block-poly(acrylic acid)(N-
phthaloychitosan-g-PNIPAM-b-PAA) was notably prepared by
Zhang et al. via RAFT polymerization. In this synthetic pro-
cedure, N-phthaloychitosan was initially modified using
3-benzylsulfanyl thiocarbonyl sulfanyl propionic acid
(BPATT) as a macro RAFT agent. Then graft copolymeriza-
tion of AA and NIPAM was carried out in the presence of
DMF to obtain the desired modified polymer
(Scheme 15d).59

In a different approach, a multifunctional graft copolymer
polyethylene glycol-block-polyacrylic acid-graft-chitosan deriva-
tive (mPEG-b-PAA-g-CHI) was successfully prepared by Cheng-

bin et al. First, the block copolymer mPEG-b-PAA was syn-
thesized by using mPEG as a chain transfer agent (mPEG-CTA)
via RAFT polymerization. Afterwards, the pre-prepared block
copolymer was grafted on the desired chitosan derivative (CHI)
to form the new multifunctional graft copolymer
(Scheme 16).60 In another attempt at applying the grafting onto
approach, the chitosan-graft-poly[poly(ethyleneglycol)meth-
acrylate]-graft-L-glutathione (CS-g-PMPEG-g-GSH) conjugate was
prepared by Li et al. via RAFT polymerization. Initially, PMPEG
polymers along with dithioester residues were synthesized via
RAFT polymerization and then grafted onto allyl-CS via the
radical coupling method (Scheme 17).61

Scheme 12 Synthesis of CCS-g-PMAA via SI-ATRP of MAAS.54

Scheme 13 Synthesis of CSNS-g-PMMA and CSNS-g-(PMMA-b-P(PEGMA)) via SI-AGET-ATRP.56

Scheme 14 Synthesis of PDCS vectors.56
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In a novel approach, Huang et al. developed a simple
method for the controlled modification of CS via the RAFT
technique using the grafting to approach under exposure to

γ-radiation. In this method, poly[N-(2-hydroxyethyl) prop-2-
enamide] (PHEPE) was grafted onto CS using S,S′-bis(R,R′-
dimethyl-R″-acetic acid) trithiocarbonate (BDACT) at room

Scheme 15 Synthesis of (a) CS-g-PAA, (b) CS-g-PAA, (c) CS-g-PNIPAM and (d) CS-g-(PNIPAM-b-PAA) via RAFT polymerization.23,57–59

Scheme 16 Synthesis of mPEG-b-PAA-g-CHI via RAFT polymerization.60
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temperature under γ-ray irradiation. The unprotected amino
groups present in CS were used for the conjugation with an
anticancer agent, namely chromone-3-carboxaldehyde
(Scheme 18).44 In another work using the same RAFT agent
(BDACT), Hosseinzadeh et al. modified the surface of CS by
using an esterification reaction through encapsulation of
Fe3O4 nanoparticles and were able to synthesize magnetic CS

hydrogel nanocomposites via the RAFT polymerization tech-
nique (Scheme 19).62

2.3 Modification of chitosan via NMP

In addition to other techniques, NMP is another important
technique through which CS can be modified. Various groups
have made efforts to modify CS using NMP. The first initiative

Scheme 18 Synthesis of PHEPE-CS-chromone via RAFT under γ-ray irradiation.44

Scheme 19 Synthesis of a magnetic chitosan nanocomposite via RAFT polymerization.62

Scheme 17 Synthesis of the CS-g-PMPEG-g-GSH conjugate via RAFT polymerization and the radical coupling method.61
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was put forward by Hua et al. They modified CS with phthalic
anhydride. Thereafter, 60Co γ-ray irradiation of N-phthaloyl
chitosan and 4-hydroxy-2,2,6,6-tetramethyl piperidine-1-oxyl
(4-OHTEMPO) in DMF yielded the CS-TEMPO macroinitiator

under an argon atmosphere. The macroinitiator thus formed
was then used to graft PSty onto the CS matrix at 110 °C via
the NMP technique (Scheme 20a).63 Subsequently, by using
the same macroinitiator, the same group was able to syn-

Scheme 20 Synthesis of (a) CS-g-PSty and (b) CS-g-PSS via NMP.63,64

Scheme 21 Synthesis of CS-g-PSMA-TEMPO via NMRP.65
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thesize chitosan-graft-poly(sodium 4-styrenesulfonate) (CS-g-
PSS) via NMP (Scheme 20b).64 In another work, García‐Valdez
et al. have successfully prepared macroalkoxyamine TEMPO-
functionalized CS which later served as a macroinitiator for
the graft co-polymerization of styrene-maleic anhydride (SMA)
on CS via nitroxide-mediated radical polymerization (NMRP).
The polymerization was carried out in the presence of super-
critical carbon dioxide (scCO2) along with camphorsulfonic
acid (Scheme 21).65

In a novel approach, Lefay et al. prepared chitosan-graft-
poly(methyl methacrylate-co-acrylonitrile) [CS-g-P(MMA-co-AN)]
(Scheme 22a) and chitosan-graft-poly(sodium 4-styrenesulfo-
nate) (CS-g-PSS) (Scheme 22b) graft copolymers by using the
grafting from approach. Initially the process was carried out by
modifying CS with acrylamide and/or acrylate via SG-1-based
NMP under heterogeneous conditions. Then the polymeriz-
ation was accompanied by intermolecular 1,2 radical addition
of the BlocBuilder@ [2-methyl-2-(N-tert-butyl-N-(1-diethoxypho-
sphoryl-2,2-dimethylpropyl)aminoxy)-propionic acid] alkoxy-
amine and methyl methacrylate (MMA) in the presence of a
small amount of acrylonitrile (AN) or sodium 4-styrenesulfo-
nate (SS) to produce SS and MMA-co-AN, which was confirmed

by ESR and free-solution capillary electrophoresis. Finally, the
synthesized copolymers were corroborated by TGA and solid-
state NMR spectroscopy.66 Following a similar approach, Kwan
et al. grafted a series of oligo-(ethylene glycol) methacrylate
(OEGMA)/diethylene glycol methacrylate (MEO2MA)/acryloni-
trile (AN) terpolymers from a CS backbone (Scheme 22c).67

Besides the heterogeneous approach, various modifications
of CS were also carried out under homogeneous conditions.
García‐Valdez et al. initially reported the modification of CS
with PSty and poly(butyl acrylate) (PBA) via NMP and the graft-
ing from approach. First, CS was modified with glycidyl meth-
acrylate (GMA) to form CS-g-GMA and then it was functiona-
lized with sodium dodecylbenzenesulfonate (SDBS) to produce
CS-SDBS-g-GMA. After the formation of CS-SDBS-g-GMA, it was
converted to a macroalkoxyamine by intermolecular 1,2 radical
addition by either of two ways: 2,2,5-trimethyl-3-(1-pheny-
lethoxy)-4-phenyl-3-azahexane (TIPNO)-based alkoxyamine,
also known as universal alkoxyamine (UA), to form CS-SDBS-g-
GMA-TIPNO (Scheme 23a) or the BlocBuilder# [N-(2-methyl-
propyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-O-(2-car-
boxylprop-2-yl)hydroxylamine] to yield CS-SDBS-g-GMA-BB
(Scheme 23b). These macroalkoxyamines were then used to

Scheme 22 Synthesis of (a) CS-g-P(MMA-co-AN), (b) CS-g-PSS and (c) CS-P(OEGMA-co-MEO2MA-co-AN) via SG-1 based NMP.66,67
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perform the graft polymerization of Sty and BA under homo-
geneous media. They reported that homogeneous graft
polymerization had higher graft efficiency as well as more
uniform grafting tendency than the heterogeneous reactions.68

In a different work, another graft polymer CTS-SDBS-g-GMA
was synthesized by the same group. Using the grafting to
approach, it was then polymerized to form various functiona-
lized copolymers with PSty, PBA, PAA, PSty-b-PAA and PSty-r-

PAA (r = random) which were prepared via the SG-1-based
NMP polymerization technique. Finally, SDBS was removed by
tris(hydroxymethyl)aminomethane to form CTS-g-GMA-R
(where R = PSty, PBA, PAA, PSty-b-PAA, PSty-r-PAA)
(Scheme 23c).69

In another attempt, Madill et al. modified CS with
PDEAEMA to produce CS-g-GMA-PDEAEMA via NMP by apply-
ing the grafting to approach. The efficacy of the synthesized

Scheme 23 Synthesis of (a) CS-SDBS-g-PSty and CS-SDBS-g-PBA from CS-SDBS-g-UA, (b) CS-SDBS-g-PSty and CS-SDBS-g-PBA from CS-SDBS-
g-BlocBuilder# and (c) CS-g-GMA-R via SG-1 based NMP.68,69
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Scheme 24 Synthesis of CS-g-GMA-PDEAEMA via NMP.70

Scheme 25 Synthesis of CS-g-poly(PEGMA-co-Sty) via NMP and grafting to and from approaches.71
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polymer was enhanced by grafting CO2-responsive tertiary
amine-containing polymers onto the backbone of CS. The
main purpose of preparation of this type of polymer using the
novel CO2-switchable adsorbent concept was to enhance the
performance of CS (Scheme 24).70

Darabi et al. reported the PEGlytation of CS using poly
(PEGMA-co-Sty) by applying both the grafting to and from
approaches in an aqueous medium. The whole synthesis was
performed via the NMP technique. The report revealed that CS
was initially functionalized using GMA to produce the CS-g-
GMA macromer by the grafting to approach, and this step was
followed by grafting to poly(PEGMA-co-Sty) to form a new
polymer. Again, by using the grafting from approach, CS-g-
GMA was first converted into a macroalkoxyamine using an
SG1-based alkoxyamine, and afterwards graft copolymerization
of PEGMA-co-Sty was achieved in aqueous media
(Scheme 25).71

In another pioneering investigation in the advancement of
biocompatible and degradable biomaterials, Zhang et al. syn-
thesized an interesting copolymer comprising a CS backbone
and amphiphilic poly(ethylene oxide)-poly(L-lactide)-poly(ethyl-
ene oxide) (PEO-PLLA-PEO) branch chains by a Cu(0)-catalyzed

one-pot procedure consolidating “click” chemistry and single
electron transfer-nitroxide radical coupling (SET-NRC) reac-
tion. Initially, the precursors of 6-azide-N-phthaloyl-CS,
TEMPO-PEO-alkyne and mPEO-PLLA-Br were designed and
implemented in the further reaction process. Afterwards, in
the presence of nanosized Cu and PMDETA, the one-pot coup-
ling reactions between these precursors were carried out to
obtain the desired products (Scheme 26).72

3. Properties and applications of
various modified chitosans

Being a natural polymer, modified CS has tremendous scope
for research. Moreover, it has several interesting properties
such as biocompatibility, multifunctionality and controlled
biodegradability. It is mentioned in section 2 that modified CS
has numerous applications in diverse fields. For the conven-
ience of the readers and the research community, an exhaus-
tive review of the publications referred to in section 2 along
with the various properties and applications of various modi-
fied CS are discussed in Table 1.

Scheme 26 Synthesis of N-phthaloylchitosan-g-(PEO-PLLA-PEO) via click chemistry and SET-NRC reaction.72
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Table 1 Modified chitosans, different RDRP techniques, reagents used and properties/applications

Modified form of
chitosan

CRP techniques
applied Reagent used Properties/applications Ref.

PDMAEMA-g-CS ATRP and active
ester conjugation
method (grafting to)

NHS, BIBB, Et3N, DCM, DMAEMA, CuBr,
HMTETA, THF

• Shows pH-responsive association
behaviour

45

• Used for gene/drug delivery and
controlled release

CS(-g-PDMAEMA)-g-
PNIPAM

ATRP and click
chemistry (grafting
to)

4-Pentynoic acid, EDCH, NHS, MES buffer,
PDMAEMA-N3, PNIPAM-N3, CuSO4·5H2O,
sodium L-ascorbate

• Shows thermosensitive and pH-
responsive association behaviour

46

• Used in biomedical science and
engineering
• Used for gene/drug delivery and
controlled release

CS-g-PCL(-g-P
(MEO2MA-co-OEGMA))

ATRP, ROP and click
chemistry (grafting
to)

Phthalic anhydride, EDCH,
hydroxybenzotriazole, propargyl-3-
carboxylicpropanoate, P(MEO2MA-co-
OEGMA)-N3, pyrene-PCL-N3

• Shows thermosensitive properties 47

• Used in drug delivery and controlled
release

AEMs ATRP (grafting to) GO, Et3N, BIBB, 2,2-bipyridine, AIBN, APB • High mobility and activity 48
• Promotes hydroxide conductivity
• Higher fuel cell performance

CS-macroinitiator — BIBB, pyridine • Helps in the formation of CS-g-MeO
(PEG350)MA via ATRP

49

CS-g-PNIPAM ATRP (grafting from) Phthalic anhydride, DMF, BIBB, Et3N,
NIPAM, CuCl, 2,2′-bipyridyl, hydrazine
hydrate

• Suitable for delivery of hydrophobic drug
molecules

50

CS-g-PAM SI-ATRP (grafting
from)

BIBB, Et3N, dry THF, PA, CuBr, CuBr2,
Me6TREN, DMF

• Greater absorption capacity and faster
absorption kinetics for mercury ions

51

• Helps in the removal of mercury ions
from aqueous solution

CS-macroinitiator — Bromo-acetamide, Et3N, THF, Sty, 1,10-phe-
nanthroline, CuBr, toluene

• Helps in the formation of CS-g-PSty via
SI-ATRP

52

CS-macroinitiator –— BIBB, DMF, CuBr, 2,2′-bipyridine • Helps in the formation of CS-g-MEMA
MS via ATRP

53

CCS-g-PMAA SI ATRP CH3COOH, NaOH, EDGE, BIBB, THF,
MAAS, CuBr, CuBr2, PMDETA

• Helps in the removal of Cd(II) ions from
aqueous solution

54

CSNS-g-PMMA & CS-g-
(PNIPAM-b-PAA)

SI AGET ATRP
(grafting from)

Glutaraldehyde, Et3N, BIBB, DMF, MMA,
PEGMA, FeCl3/PPh3/ascorbic acid, EBIB

• Good biocompatibility 55

• Low toxicity
• Used for the synthesis of materials for
in vivo biomedical applications as well as
polymerization for industrial-scale
production

PDCS vectors ATRP (grafting from) H2O2, BMPA, EDAC, NHS • Exhibits good ability to condense pDNA
into nanoparticles with a positive charge
at a nitrogen/phosphorus ratio of 4 or
higher

56

• Lower cytotoxicity
• Have great potential as efficient gene
vectors in future gene therapy

CS-g-PAA RAFT (grafting from) Phthalic anhydride, DMF, DDACT, DCC,
DMAP, AA, AIBN

• pH-Sensitivity and stimulating response 23

• Used as a degradable matrix for drug
delivery applications

Phthalic anhydride, DMF, RA, DCC, DMAP,
AA, AIBN, DMF

• Used as a stabilizing agent for the
preparation of colloidal silver
nanoparticles in the range of 2–10 nm

57

• Thermally stable
• Good antibacterial activity
• Used as a degradable matrix for drug
delivery applications

CS-g-PNIPAM RAFT (grafting from) Phthalic anhydride, DMF, DDACT, DCC,
DMAP, NIPAM, AIBN

• Thermosensitive degradable matrix for
drug delivery applications

58

N-Phthaloylchitosan-g-
(PNIPAM-b-PAA)

RAFT (grafting from) Phthalic anhydride, DMF, BPATT, DCC,
DMAP, AA, NIPAM

• Used as a macro RAFT agent 59

mPEG-b-PAA-g-CHI RAFT (grafting from) mPEG, chloroacetyl chloride, Et3N, THF,
bromobenzene, Mg turnings, CS2, AA,
AIBN, 1,4-dioxane, EDC, NHS

• Used in gene/drug delivery applications 60
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4. Conclusion and outlook

Chitosan is the only cationic polysaccharide found in nature
among all the other naturally occurring polymers. It has
unique structural, physicochemical and biological properties
which make it suitable for pharmaceutical, biomedical and
several other applications. However, its area of application is
limited since it is insoluble in common neutral and basic

aqueous solvents. To enhance its applicability, attempts have
been made to modify chitosan via different RDRP techniques.
Among various RDRP methods, ATRP and RAFT are found to
be more versatile than NMP28,29 because the latter needs
slightly elevated temperature to activate alkoxyamines. In
RAFT and NMP, transition metals are not used as catalysts,
whereas in ATRP, transition metal catalysts are used to activate
the alkyl halide initiator. ATRP is a very versatile technique.

Table 1 (Contd.)

Modified form of
chitosan

CRP techniques
applied Reagent used Properties/applications Ref.

CS-g-PMPEG-g-GSH RAFT (grafting to)
and radical coupling
method

Allyl bromide, PMPEG, ACVA, GSH, NHS,
EDCH

• Exhibits good ability to condense pDNA 61

• Increases the binding ability to cell
membrane efficiently
• Improves decondensing ability of pDNA
from nanoparticles in the cytoplasm,
which results in higher transfection
efficiency in mouse embryonic fibroblast
cells
• Used for gene therapy in clinical
applications
• Shows great potential as an efficient and
safe nonviral gene vector

PHEPE-CS-chromone RAFT (grafting to)
and γ-ray irradiation

BDACT, HEPE, 1% HCl/acetone, CH3COOH/
ethanol, chromone-3-carboxaldehyde

• Used as a pH- and thermo-responsive
carrier for drug delivery

44

CS hydrogel nano-
composites

RAFT Phthalic anhydride, DMF, BDACT, DCC,
DMAP, Fe3O4, AA, NIPAM, AIBN

• Used as promising anticancer-targeted
drug delivery carriers for cancer therapy

62

CS-g-PSty NMP (grafting from) 4-OHTEMPO, Sty, DMF • Good compatibility 63
CS-g-PSS NMP (grafting from) 4-OHTEMPO, SS, DMF • Shows ion-exchange property which may

promote the graft copolymers to be used
in ion exchange processes for
environmental protection

64

Acryloyl chloride, BlocBuilder@, SS • Used as a bio-compatibilizer 66
CS-g-PSMA-TEMPO NMP Br-OHTEMPO, oxoammonium salt,

CH3COOH, Et3N, scCO2, maleic-anhydride,
Sty

• Useful for therapeutic applications 65

• Thermally stable
CS-g-P(MMA-co-AN) NMP (grafting from) Acryloyl chloride, BlocBuilder@, MMA, ACN • Used as a bio-compatibilizer 66
CS-P(OEGMA-co-
MEO2MA-co-AN)

NMP (grafting from) Acryloyl chloride, BlocBuilder@, MEO2MA,
OEGMA, AN

• Thermally responsive 67

• Shows antimicrobial properties
CS-SDBS-g-PS NMP (grafting from) GMA, CH3COOH, SDBS, DMSO, DMF, Sty,

UA, BlocBuilder#
• Considered as potential precursors of
new bio-hybrid materials

69

• Used in the recovery of heavy metals
from waste water of various origins

CS-SDBS-g-PBA NMP (grafting from) GMA, CH3COOH, SDBS, DMSO, DMF, BA,
UA, BlocBuilder#

• Considered as potential precursors of
new bio-hybrid materials

69

• Used in the recovery of heavy metals
from various waste water of various origins

CS-g-GMA-R NMP (grafting to) GMA, acetic acid, SDBS, BlocBuilder@, 4-
(diethoxyphosphinyl)-2,2,5,5-tetramethyl-3-
azahexane-N-oxyl, Sty, BA, AA

• Used in biomedicine, water and
wastewater treatment, bio-pharmaceuticals
and agriculture

69

CS-g-GMA-PDEAEMA NMP (grafting to) DEAEMA, NHS-BB, GMA, acetic acid • Absorbs metal from wastewater streams 70
CS-g-poly(PEGMA-co-
Sty)

NMP (grafting to/
from)

GMA, acetic acid, PEGMA, Sty, 2,2′-azobis[2-
(2-imidazolin-2-yl) propane]

• Widely used in biomedicine and bio-
pharmaceuticals, water and wastewater
treatment and agriculture

71

Dihydrochloride, BlocBuilder@, [4-(diethox-
yphosphinyl)-2,2,5,5-tetramethyl-3-azahex-
ane-N-oxyl], NHS-BB

N-Phthaloylchitosan-g-
(PEO-PLLA-PEO)

Click chemistry and
SET-NRC

L-Lactic, ethyl acetate, 3-bromo-1-propyne,
BIBB, PMDETA, phthalic anhydride,
sodium azide, nanosized Cu powder,
TEMPO

• Useful for designing novel CS materials 72

• Shows gelation behaviour
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However, in ATRP, there is a need to perform an extra purification
step to remove the catalyst from the polymer, which is very impor-
tant if the polymer is designed for biomedical applications. The
RAFT technique is a very facile and versatile process which can be
used in solution, emulsion and aqueous systems. The color and
odor issues can be controlled by using suitable RAFT reagents and
by adjusting their concentration. However, since the RAFT tech-
nique does not use any metal catalysts, the extra purification steps
are not necessary to purify the polymer. This is one of the major
advantages of using the RAFT process over ATRP. Recently, Destarac
et al. reviewed the industrial perspectives of different RDRP
methods.30 In this review, we have mostly emphasized on numerous
chemical modifications of CS by various functional groups to form
derivatives which enhanced its solubility in both neutral and basic
pH media. Furthermore, various attachments of functional groups
to CS improve its hydrophobic, cationic and anionic properties
which make it more efficient for diverse applications. Progress in
this area of research is quite rapid and worthwhile. Thus, the deriva-
tives of CSmake it more versatile in diverse applications.

Abbreviations

AA Acrylic acid
ACVA 4,4′-Azobis(4-cyanopentanoic acid)
AN Acrylonitrile
AGET Activator generated by electron transfer
AIBN 2,2-Azobisisobutyronitrile
AM Acrylamide
APB Allyltriphenylphosphonium bromide
ATRP Atom transfer radical polymerization
AEMs Anion exchange membranes
BA Butyl acrylate
BDACT S,S′-Bis(R,R′-dimethyl-R″-acetic acid)-

trithiocarbonate
BIBB 2-Bromoisobutyryl bromide
BlocBuilder@ 2-Methyl-2-(N-tert-butyl-N-(1-diethoxypho-

sphoryl-2,2-dimethylpropyl)aminoxy)-pro-
pionic acid alkoxyamine

BlocBuilder# N-(2-Methylpropyl)-N-(1-diethyl-
phosphono-2,2-dimethylpropyl)-O-(2-car-
boxylprop-2-yl)hydroxylamine

BMPA 2-Bromo-2-methylpropionic acid
BPATT 3-Benzylsulfanyl thiocarbonylsulfanyl

propionic acid
CCS Cross-linked chitosan
CHI Chitosan derivative
CSNS Chitosan nanosphere
13C-NMR Carbon-13 nuclear magnetic resonance
CS Chitosan
CTA Chain transfer agent
DCC 1,3-Dicyclohexylcarbodiimide
DCM Dichloromethane
DDACT S-1-Dodecyl-S′-(α,α′-dimethyl-α″-acetic

acid) trithiocarbonate
DMAEMA (2-Dimethylamino) ethyl methacrylate

DMAP 4-(N,N-Dimethylamino) pyridine
DMF N,N-Dimethylformamide
DMSO Dimethyl sulfoxide
DSC Differential scanning calorimetry
EBIB Ethyl 2-bromoisobutyrate
EDC 1-Ethyl-3-(3-dimethyllaminopropyl)

carbodiimide
EDCH N-(3-(Dimethylamino)propyl)-N′-ethylcar-

bodiimide hydrochloride
EDGE Ethylene glycol diglycidyl ether
Et3N Triethylamine
FT-IR Fourier-transform infrared spectroscopy
GMA Glycidyl methacrylate
GO Graphene oxide
GPC Gel permeation chromatography
GSH L-Glutathione
HEPE N-(2-Hydroxyethyl) prop-2-enamide
HMTETA 1,1,4,7,10,10-

Hexamethyltriethylenetetramine
1H-NMR Proton nuclear magnetic resonance
MAA Methacrylic acid
MAAS Sodium methacrylate
MEO2MA 2–2(Methoxyethoxy)ethyl methacrylate
MeO(PEG350)MA Methoxy-poly(ethylene glycol) methacrylate
Me6TREN Tris[2-(dimethylamino)ethyl]amine
MES 2-(N-Morpholino)ethanesulfonic acid
MEMA MS Trimethyloxyethylmethacryloyl

ammonium methyl sulfate
MMA Methylmethacrylate
NHS N-Hydroxysuccinimide
NHS-BB 2-Methyl-2-[N-tert-butyl-N-(1-diethoxypho-

sphoryl-2,2-dimethylpropyl)aminoxy]-N-
propionyloxysuccinimide

NIPAM N-Isopropylacrylamide
NMP Nitroxide mediated polymerization
NMRP Nitroxide-mediated radical polymerization
OEGMA Oligo-(ethylene glycol) methacrylate
4-OHTEMPO 4-Hydroxy-2,2,6,6-tetramethyl piperidine-

1-oxyl
PCL Poly(ε-caprolactone)
pDNA Plasmid DNA
PEG Polyethylene glycol
PEGMA Poly(ethylene glycol)methyl ether

methacrylate
PHCS N-Phthaloyl chitosan
PMDTEA N,N,N,N,N-Pentamethyldiethylenetriamine
PMPEG Poly[poly(ethylene glycol)methacrylate]
PPh3 Triphenylphosphine
QPGO Quaternary phosphonium graphene oxide
RA 4-Cyano-4-[(phenylcarbithiol)sulfanyl]

pentanoic acid
RAFT Reversible addition–fragmentation chain

transfer
RDRP Reversible-deactivation radical polymerization
ROP Ring opening polymerization
scCO2 Supercritical carbon dioxide
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SDBS Sodium dodecylbenzenesulfonate
SEM Scanning electron microscopy
SMA Styrene-maleic anhydride
SS Sodium 4-styrenesulfonate
Sty Styrene
TEM Transmission electron microscopy
TGA Thermo gravimetric analysis
THF Tetrahydrofuran
TIPNO 2,2,5-Trimethyl-3-(1-phenylethoxy)-4-

phenyl-3-azahexane
UA Universal alkoxyamine
UV-Vis Ultraviolet–visible
XRD X-Ray diffraction
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Preparation, Characterization, and Antimicrobial Activity of
Chitosan/Kaolin Clay Biocomposite Films

Madhabi Bhattacharjee, Shyam Goswami, Pranab Borah, Mousmi Saikia,
Jayanta Barman, Nabendu B. Pramanik, and Dhruba J. Haloi*

Chitosan (CS) is a polycation found in nature that exhibits many good
properties. Kaolin (KAO) clay is a natural inorganic filler and is being used in
medicine, ceramic, food additives, etc. Therefore, the mixing of two such
biomaterials, a natural polycation (CS) and natural filler (KAO clay) may lead
to a biocomposite, chitosan/kaolin (CS/KAO) clay, with many interesting
properties. In this study, the composites of CS and KAO clay are prepared by
mixing the solution of CS (in dilute acetic acid) with KAO clay at various
weight ratios. FT-IR, UV/Vis, X-Ray diffraction, SEM, UTM, TGA, and DSC
analyses are used to investigate these biocomposites thoroughly. Agar well
diffusion method has been used to determine the antibacterial activities of
different concentrations of the CS- KAO clay against gram -positive (Bacillus
subtilis) and gram- negative (Escherichia coli) bacteria. The biocomposites
exhibited antibacterial activities against tested microrganisms. In addition,
swelling tests of the biocomposites are also carried out. The CS/KAO clay
biocomposite films show better tensile strength than CS film. It is observed
that dispersed KAO clay improves the thermal stability and enhances the
hardness of the matrix systematically with the increase of its loading.
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1. Introduction

One of the major possibilities to eradi-
cate the global environmental contamina-
tion is extensive applicability and availabil-
ity of biodegradable plastics. In this con-
trast biodegradable polymers are found to
be an excellent candidate. It has been ob-
served that biodegradable plastics playing a
great role in enhancing the quality of liv-
ing standards, and industrial development
throughout the globe.[1] By implementation
of biodegradable films can enable us the fi-
nal replacement of plastic packaging bags
which are basically environment hazard
and not recyclable. The prime goal of this
current research is to create biodegradable,
environmentally friendly materials with im-
provised characteristic which can mitigate
the issue.[2]

In the present scenario, various compos-
ites made from synthetic polymers derived
from petroleum have a negative impact

on the ecosystem of the planet as they are non-biodegradable.
Moreover, hazardous or toxic properties of these polymers make
them a worse contender. In this contrast an urgent eco-friendly
green composite material of natural origin must be come into
effect.[3] As it is known that biopolymer films are eco-friendly
substitutes for synthetic, non-biodegradable films, hence re-
searchers taking a great interest in developing such materials.[4]

Generally, the syntheses of bio-composites are an interdisci-
plinary field that composed of basic science, material science,
and engineering which adds new dimensions to the properties
of biopolymers.[5]

Several industrial applications of bio-composites are basically
made from various waste and naturally occurring materials.[6]

In this regard, biodegradable polymer chitosan (CS) (Figure 1)
is a wonderful option due to its unique qualities, such as its
low cost, wide availability, biocompatibility, biodegradability,
hydrophilicity, lack of toxicity, ease of chemical modification,
good adhesion, ion-exchange and adsorption properties, etc.[7–9]

CS, a polysaccharide deacetylated from chitin, is primarily
composed of poly-(1,4)-2-deoxy-2-amino-D-glucose.[10] It is made
from chitin, which is the second most prevalent polymer in
nature after cellulose.[11] The exoskeletons of some insects
and crustacean fungi can be used to extract CS.[12] Naturally
occurring polysaccharides cellulose, dextran, pectin, alginic acid,
agar, agarose, and carrageenans are examples of neutral or acidic
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Figure 1. Structure of CS.

polysaccharides, in contrast to chitin and CS, which are examples
of extremely basic polysaccharides. As a result of these excep-
tional properties, numerous CS-composite based products have
been developed extensively[13] viz. in wastewater treatment,[14]

tissue engineering,[15] agriculture,[16] biomedicine,[17] drug
delivery[18] etc. The lone CS-based products are very few as it
doesn’t have such exceptional properties like CS-composite
materials.[19]

To overcome these issues various kind of CS-based compos-
ites have been developed in the recent years.[20] In this purpose
CS immobilization on clay minerals has received magnificent
attention.[21] They have a higher selective gas permeability ratio
CO2/O2 than traditional synthetic films and are also excellent fat
and oil barriers.[22] However, they generally have poor water va-
por barrier properties. Polymer/clay composites have drawn a lot
of recognition in the recent years due to their extraordinary po-
tential to enhance the barrier properties of thin films.[4] Due to
their high aspect ratios and high surface area, these composites
are a class of hybrid materials made of organic polymer matri-
ces and micro/nanoscale organophilic clay fillers. If clay parti-
cles are properly dispersed in the polymer matrix at a loading
level of 1% to 5% (w/w), unique combinations of physical and
chemical properties will be obtained, making these composites
appealing for making films and coatings for a variety of indus-
trial applications.[4,23]

Clay minerals have been identified as natural inorganic sub-
stances with distinct structural adsorption, rheological, and ther-
mal properties by recent research.[24] Due to the presence of their
surface hydroxyl (–OH) groups, which may easily connect with
water molecules, these materials naturally have a hydrophilic
nature.[25] The use of clay minerals for metal binding,[24] dye
removal,[26] and fruit packaging,[27] either alone or in combina-
tion with other natural or manufactured polymers, has a long
and enchanted history. To improve clay’s compatibility with other
polymers, however, purification and modification may occasion-
ally be required.[28] Because of their smaller particle size, larger
surface area, favorable aspect ratio, and superior dispersion ca-
pabilities, clay minerals can greatly enhance the properties of
CS.[29] The acidity of the −NH+

3 group is primarily responsible for
the CS’s electrolytic nature and chelating properties. CS can be
intercalated with KAO through cationic exchange and hydrogen
bonding due to the polycationic character of this biopolymer in
acidic conditions, and the resultant composites exhibit fascinat-
ing features.[30]

In addition, clay minerals have certain wonderful qualities
including strong biocompatibility, non-toxicity, and excellent
controlled release prospects, which support their use in food,

medicine, pharmacy, cosmetics, and other industries.[31] To the
best of our knowledge, however, the KAO-based CS biocom-
posite has received minimal attention and has received fewer
scholarly articles. W. Ma et al. synthesized a magnetically sep-
arable adsorbent (CS/KAO/Fe3O4) by emulsion cross-linking.
The microspheres were used as an adsorbent for the removal
of ciprofloxacin.[32] S. C. Dey et al. synthesized pH triggered
bicomposites using different proportion of KAO and CS. This
biocomposites have numerous industrial applications in leather,
textile, food, pharmaceuticals etc.[3] S. Biswas et al. synthesized
high-performance composites by using CS and modified KAO
clay in various combinations.[33] H. Y. Zhu et al. synthesized
CS/KAO/nanosized 𝛾 − Fe2O3 composites by a micro-emulsion
process. The composites can be used as a low-cost alternative for
anionic dyes removal from industrial wastewater.[34] I. P. Chen
et al. prepared CS-coated KAO beads using hydrochloric acid
without any cross-linking agent.[35] To the best our knowledge no
report has been done on antibacterial activities for one gram pos-
itive and one gram negative bacteria using CS/KAO clay biocom-
posite films in different weight ratios so far. Moreover, swelling
tests of the same are also never been reported. We think the nov-
elty of our work lies in the biological application, swelling prop-
erty as well as comparative study of different physico-chemical
properties of CS/KAO clay biocomposite films of different weight
ratios.

We were therefore highly interested in synthesizing some
CS/KAO-based green bio-composite materials which must be en-
vironmentally benign. The purpose of the current study is to cre-
ate CS/KAO biocomposite films in which KAO is combined with
a CS solution in acetic acid. By using various characterizing tech-
niques viz. FT-IR, UV/Vis, XRD, SEM, UTM, TGA, and DSC, the
structure of the produced CS/KAO biocomposites films were suc-
cessfully investigated. Moreover, the present work is designed to
investigate the antibacterial effects of different CS/KAO clay ratio
against two pathogenic bacteria- Bacillus subtilis (gram -positive)
and Escherichia Coli (gram- negative bacteria). Also, the swelling
tests of the biocomposites have been observed. From our litera-
ture survey analysis, it has been observed that CS/KAO clay bio-
composite films of different weight ratios received minimal at-
tention towards various physicochemical properties viz. mechan-
ical, thermal, swelling tests etc. as compared to pure CS film. Fur-
thermore, no antibacterial properties have been investigated and
reported till now for the same. We thought there have been lots
of scopes to study on this area and this is the basic reason why we
are interested for the development of this work. Moreover, these
biocomposites may find some applications in the field of analyt-
ical and environmental science.

2. Experimental Section

2.1. Materials

Chitosan (from Shrimp Shells) with 75% degree of deacetyla-
tion was bought from LOBA Chemie. Aluminium Silicate Hy-
drate (trade name Kaolin) was purchased from Oxford Lab Fine
Chem LLP. Glacial acetic acid ≥ 99% from EMPLURA, India
and distilled water were used as a solvent. Two tested bacterial
species one gram-negative and gram-positive pathogen (MTCC-
739-Escherichia coli and MTCC-441-Bacillus subtilis respectively)
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Table 1. The details of the CS/KAO clay biocomposites.

Sample Name % Of CS % Of KAO Thickness of the film [mm]

CS 100 0 0.11

CS/KAO-1 100 10 0.13

CS/KAO-2 100 20 0.14

CS/KAO-3 100 30 0.16

CS/KAO-4 100 40 0.18

CS indicates for chitosan and CS/KAO-1, CS/KAO-2, CS/KAO-3 and CS/KAO-4 for
chitosan/kaolin clay biocomposites with 10%, 20%, 30%, 40% respectively.

were supplied by MTCC, Chandigarh, Punjab, India. All other
chemicals used were of analytical grade and used as received.

2.2. Preparation of Chitosan Film

CS solution was prepared by dissolving 1 g of CS powder in
100 mL of aqueous acetic acid solution (2%, v/v), which was then
stirred at 40 °C for 5 h followed by vacuum filtration to remove
the insoluble residue. The solution thus formed were cast into
Petri dishes and dried at 60 °C for 24 h to evaporate the solvent.
The film thus formed was soaked with an aqueous solution of
0.05 M NaOH to remove residual acetic acid. Further film was
neutralized by rinsing with distilled water and then dried at room
temperature.

2.3. Preparation of Chitosan/Kaolin Films

First 2% CS solution was prepared by above mentioned proce-
dure. After that, 0.1 g KAO clay was added to the CS solution and
stirred at room temperature for 24 h with ≈700 rpm. The solu-
tion thus formed was cast into Petri dishes and dried at 60 °C for
24 h to evaporate the solvent and films were formed thereof. Fol-
lowing the same procedure applied for CS films, the dried films
were soaked with an aqueous solution of 0.05 M NaOH to remove
residual acetic acid and further film was neutralize by rinsing
with distilled water and then dried at room temperature. In the
similar manner, other films were obtained by varying the amount
of the KAO clay (viz. 0.2 g, 0.3 g, and 0.4 g). Table 1 summarizes
the details of CS/KAO clay biocomposites.

The pictorial presentation of the CS and CS/KAO clay biocom-
posite films was shown below (Figure 2):

2.4. Preparation of Crude Sample for Antibacterial Activity

Different concentrations of dry CS and CS/KAO films were dis-
solved in 2% acetic solution at 10 mg mL−1 concentration. The
dissolved mixtures were strewed at 40 °C at constant rotation for
5 h. Then, the samples were used for antibacterial activity.

2.5. Characterization Techniques Used

2.5.1. Instrumental Measurements of the Biocomposites

Fourier Transform Infrared (FT-IR) spectra of the samples were
recorded by an Agilent Cary 630 FT-IR spectrometer in the range

of 4000–700 cm−1. UV/Vis spectra of the samples were recorded
on Agilent Cary 60 UV/Vis spectrophotometer in the region of
200–800 nm. X-Ray Diffraction (XRD) pattern of the samples
were recorded by an X-ray diffractometer (Rigaku Ultima IV) at
room temperature. Cu K𝛼 radiation (𝜆 = 1.5418 Å), from a broad
focus Cu tube operated at 40 kV and 40 mA, was applied to the
samples for measurement. Scanning Electron Microscopy (SEM)
images of samples were recorded by an analytical scanning elec-
tron microscope (Zeiss SIGMA 300) operated at an accelerating
voltage of 5.00 kV. Tensile properties of the samples were de-
termined with a Zwick/Roell universal testing machine (UTM).
The separation of the grip was set at 10 mm and also a cross
head speed of 10 mm min−1. The tensile strength and elonga-
tion measurements were done with three specimens cut from
each sheet of film. Thus, the measurements were done on a to-
tal of three specimens per each film type with the mean values
for tensile strength and elongation for a single sample. Thermo-
gravimetric analyses (TGA) were completed using a Netzch in-
strument (Model: STA449F3A000). Samples were placed in the
balance system and heated from 20 °C to 600 °C at a heating rate
of 10 °C min−1 under argon atmosphere. Differential scanning
calorimetry (DSC) of the samples was performed with a Netzch
instrument (Model: STA449F3A000). The samples were heated
from 20 °C to 600 °C at a heating rate of 10 °C min−1 under ar-
gon atmosphere.

2.6. Antibacterial Activity Study by Agar Well Diffusion Method

The agar well diffusion assay of the samples was performed ac-
cording the Magladi et al. 2004 & Valgas et al. 2007 with minor
modifications.[36,37] The assay method was carried out by prepa-
ration of 3 wells of 6 mm diameter for each extract using a ster-
ile cork borer in agar plate aseptically. The agar cylinders were
removed using a sterile loop. Then the test organism (bacterial
species) was swabbed by sterile streak on prepared agar plate.
After swabbing the test organism, the well filled with different
volume (60, 100, and 140 μL mg−1) of stock solutions of the test
materials. Amoxycillin was used as standard with different vol-
ume (60, 100, and 140 μL mg−1) of concentration of 1 mg mL−1.
The wells were kept for drying by passing the blower in lami-
nar air flow (LAF). The plates were then taken out from the LAF
aseptically when all plates became completely dry and incubated
at 37 °C for 18 h. The inhibition zones were recorded in the test,
for both standard as well as control.

2.7. Swelling Study

The swelling properties of CS and CS/KAO clay biocomposite
films were examined after being soaked in distilled water having
pH 7.0 at room temperature for 1, 3, 6, 9, and 12 h. The samples
were first dried in an oven, their initial weight (wi) were measured
and then they were placed into bottles filled with distilled water.
The initial time of immersing the samples was recorded as t = 0
and subsequent measurements were performed at certain time
intervals until a stable value had been achieved, i.e., (wf), then the
samples were filtered with filter paper. The whole procedure was
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Figure 2. Images of CS and CS/KAO clay biocomposite films.

repeated thrice to observe the results. The swelling percentage
(Sw) of each sample was calculated by the following Equation:[38]

Sw =
wf − wi

wi
× 100 (1)

3. Result and Discussion

3.1. Analysis via Fourier Transform Infrared (FT-IR) Spectroscopy

FT-IR spectra were recorded in the region 4000–700 cm−1 for the
CS/KAO clay biocomposite films in the ratios of CS: KAO clay
10:01, 10:02, 10:03, and 10:04 as depicted in the Figure 3. The
band at 3675 cm−1 corresponds to the stretching frequencies of
the OH group of the KAO clay whereas the band at 3384 cm−1 was
observed for the main functional group of CS, i.e., O–H stretch-
ing vibrations. The bands of the biocomposites (i.e., from a-d) at
2924 and 1068 cm−1 are consistent with bands those observed
for the pure CS film. The bands at 2924 and 1068 cm−1 are cor-
responds to C–H symmetric stretching and C–O stretching re-
spectively. The band at 796 cm−1 corresponding to the vibration
bands of the silicate remain unaffected in the biocomposite. In
the spectrum of CS, the absorption band at 1639 cm−1 corre-
sponds to the in-plane N–H bending vibration. From the Figure
it has been evident that the absorption band at 1639 cm−1 for CS

Figure 3. FT-IR Spectra of CS and CS/KAO clay biocomposite films (a–d).

film was shifted to 1624 cm−1 in the biocomposite films which
shows close agreement with the results reported by S. C. Dey
et al.3 In their investigation they have confirmed that the bicom-
posites prepared was not a physical mixture for which absorption

Macromol. Chem. Phys. 2023, 224, 2300008 © 2023 Wiley-VCH GmbH2300008 (4 of 11)
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Figure 4. UV/Vis Spectra of CS and CS/KAO clay biocomposite films.

band was observed at 1633 cm−1 but for biocomposite films it
was at 1624 cm−1. The electrostatic interaction between the pro-
tonated amine groups (NH+

3 ) of CS and negatively charged sites
of KAO clay might be the reason for this frequency shifting.[2,39]

3.2. Analysis via Ultraviolet/Visible (UV/Vis) Spectroscopy

The UV/Vis spectra of the CS and CS/KAO clay biocomposite
films were taken at room temperature as shown in Figure 4. The
absorption bands were observed in the range of 300–400 nm.
The wavelength of CS film was found to be at 354 nm, while
for the CS/KAO clay biocomposite films assigned as CS/KAO-
1, CS/KAO-2, CS/KAO-3, and CS/KAO-4 were found to be at
383 nm, 395 nm, 368 nm, and 373 nm respectively. The absorp-
tion bands observed at 300–400 nm is due to the direct electronic
transition from d-𝜋* orbital’s which is also termed as the Soret
band. The concentration of KAO clay on addition to the CS af-
fects the position and shape of the UV absorption bands. The
increases in concentration of the clay in the biocomposites are
directly proportional to the intensity of light absorption, thus in-
fluencing the position and shape of the wavelength in the spec-
trum. At high concentration molecular interaction occurs, which
alters the shape and position of the bands. As a result, the peak
shift happens in the different CS/KAO clay biocomposite films.
From the Figure, it has also been observed that the maximum ab-
sorption for CS/KAO-4 film signifies the highest concentration
of the KAO clay presents in the film. From the UV/Vis analysis
we are basically want to investigate the interaction of KAO clay
on the pure CS matrix. Moreover, we also like to observe how
does the different weight ratios of CS/KAO clay biocomposites
influence on absorption band. Another evidence of this analysis
is to obtain the Soret band at 300–400 nm which were observed in
all the cases of our synthesized biocomposites as well as for the
pure one. Furthermore, this analysis also provides a supporting
structural information obtained from other spectroscopic meth-
ods, especially FT-IR analysis.

Figure 5. a) XRD patterns of CS and CS/KAO clay biocomposite films. b)
Nelson and Rilay Plots of CS and CS/KAO clay biocomposite films.

3.3. X-Ray Diffraction (XRD) Analysis

XRD analysis of the CS and CS/KAO clay biocomposite films
were investigated as shown in Figure 5a. Peaks thus obtained for
CS film was compared with CS/KAO clay biocomposite films to
know the preliminary information regarding the presence KAO
clay in the biocomposites. It has been found that CS has a semi
crystalline nature whereas KAO clay has crystalline nature. In the
2𝜃 range of about 10°-70°, six characteristics peaks were obtained
for CS/KAO clay biocomposite films. The XRD pattern of CS
showed broad diffraction peaks at 2𝜃 around 22.4° corresponding
to the typical fingerprints of semicrystalline CS.[3] From the Fig-
ure 5a it is clear that the crystallinity of CS was disappeared in the
CS/KAO clay biocomposite films as the peak of CS at 2𝜃 = 22.4° is
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Figure 6. SEM images of a) CS b) CS/KAO-1 c) CS/KAO-2 d) CS/KAO-3 and e) CS/KAO-4.

absent in the CS/KAO clay biocomposite films. The investigation
resembles the results obtained by S. Biswas et al. which indicate
a pretty good dispersion of the CS and KAO clay on CS.[33] It has
been observed that in the biocomposites CS/KAO-1 to CS/KAO-
4 with increasing concentration of the clay particle the intensi-
ties of the peaks were also increases and small broadening takes
place. Therefore, it can be assumed that the KAO clay with differ-
ent concentration was successfully incorporated into the CS.

From the Figure 5a it is cleared that from CS/KAO-4 to
CS/KAO-1 the peaks are slightly shifted to higher diffraction an-
gle indicating the lattice contraction and suggested smaller crys-
talline size. A broad peak was observed in 2𝜃 = 26.60°, 26.68°,
27.10°, and 27.30° in samples CS/KAO-1 to CS/KAO-4 and from
this peak using Scherer formula crystallite size was calculated.
The position of the peaks was calculated from Origin graphic soft-
ware. The corresponding peaks are 2𝜃 = 26.60°, 26.68°, 27.10°,
and 27.30° in samples CS/KAO-1, 2𝜃 = 26.58°, 26.48°, 27.07°,
and 27.29° in samples CS/KAO-2, 2𝜃 = 26.28°, 26.18°, 26.70°,
and 27.16° in samples CS/KAO-3, 2𝜃 = 26.60°, 26.68°, 27.10°,
and 27.30° in samples CS/KAO-4. The average size of crystallite
was determined using Scherer formula.[40]

D = kl
Vw2q cos qB

(2)

Where, qB is the Bragg angle in radian and K = 0.9 for spher-
ical shape. It was found that particle size increases from sample
CS/KAO-1 to CS/KAO-4and ranges from 18 nm to 21 nm. For
CS/KAO-1 particle size were 18.72 nm, for CS/KAO-2 particle
size were 19.46 nm, for CS/KAO-3 particle size were 21.32 nm,
for CS/KAO-4 particle size were 21.97 nm.

Since we used in thin film form within capping material so
possibility of agglomeration can be neglected. Therefore, XRD
peak broadening was considered only for size.

The lattice parameter “a” was determined from three promi-
nent peak 2𝜃 = 26.60°, 29.06°, and 45.18° and systematic errors
in 2𝜃 were eliminated by Nelson and Riley plot from three peaks.
The corrected value of lattice constant “a” is calculated by F(𝜃) to
zero. The lattice constant was explained in Figure 5b.

3.4. Scanning Electron Microscope (SEM) Analysis

SEM images were obtained for the film of CS and CS/KAO clay
biocomposites to know the morphologies of the same. For better
resolution, images were taken at the 5.00 KX magnifications. The
micrographs in Figure 6 show the changes in the morphologies
of CS and biocomposites CS/KAO-1 to CS/KAO-4. SEM micro-
graphs of biocomposites show how the clay particles were dis-
persed in the CS matrix. The surface of CS was smooth and ir-
regular, while in case of biocomposites the clay particles were
dispersed in the polymer matrix. Figure 6a shows a fibrous net-
work of CS matrix while in case of CS/KAO-1 biocomposite, the
clay particles were exfoliated and intercalated in the CS matrix
as shown in the Figure 6b. This also shows that the clay particles
were dispersed throughout the CS matrix.[33] However, the micro-
graphs of CS/KAO-2 and CS/KAO-3 as shown in the Figure 6c,d
revealed that the homogeneous dispersion of KAO clay in the
CS matrix. The micrographs also affirm that the CS/KAO-2 pos-
sessed a more uniform and smoother surface than CS/KAO-3.[38]

The composite CS/KAO-4 shows a fibrous network with rough
surface which may be due to the presence of higher amount of
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Table 2. Mechanical properties of the CS film and CS/KAO biocomposite
films.

Film type Tensile Strength
(MPa)

Young’s
Modulus (MPa)

Elongation at
Break (%)

CS 29.6 5.1 6.2

CS/KAO-1 26.1 6.1 5.8

CS/KAO-2 29.1 6.6 5.6

CS/KAO-3 31.4 6.7 5.5

CS/KAO-4 34.7 7.6 5.3

KAO clay in the CS matrix. From the analysis it can be under-
stand that with the increase in the amount of clay in the bio-
composite films the surface getting rougher which shows close
agreement with the results reported by S. Biswas et al. in their
investigation.[33]

3.5. Tensile Properties

From our literature analysis it was found that the tensile proper-
ties of CS/KAO clay biocomposite films gain minimal attention.
Basically, the mechanical properties of polymers are one of the
features that distinguish them from small molecules. For better
understanding the physical behaviors of the CS and CS/KAO clay
biocomposites film, mechanical properties viz. tensile strength,
Young’s modulus and elongation at break were taken into con-
sideration. The properties were investigated listed in Table 2. Ta-
ble 2 showed that tensile strength and Young’s Modulus of the
composites were increased whereas the elongation at break de-
creased as the amount of KAO clay in the biocomposite films in-
creased. From the UTM analysis, it was observed that on increas-
ing the amount of KAO clay in the biocomposites the values of
tensile strength increase which indicates the increase in the rigid-
ity of the biocomposite. A higher Young’s modulus values for the
biocomposites indicates the characteristics of lower toughness.
Higher Young’s modulus value also indicates the brittleness for
the same. Thus, high value of Young’s modulus for CS/KAO-
4 biocomposite indicates lower toughness and more brittleness
than the other synthesized biocomposites. Moreover, the lower
elongation at break values indicates low ductility. As a result, it
may be concluded that among all the biocomposites, CS/KAO-4
has low ductility and higher rigidity, which indicates the higher
brittleness of the material. The enhanced tensile strength and
modulus observed for the biocomposites reflect that there was
better polymer-filler interaction. In an investigation reported by
A. Laaraibi et al. observed some similar trends on addition of
bentonite clay to the CS matrix.[1] As the biocomposites shows
significant tensile strength which is considered as an interesting
mechanical property therefore it can be used as a food packag-
ing material. We are planning to explore this application in our
upcoming project.

3.6. Thermogravimetric Analyses (TGA)

TGA analyses of the synthesized films of CS and CS/KAO clay
biocomposites were carried out to investigate the thermal stabil-

Figure 7. a) TGA and b) DTG plots of CS and CS/KAO clay biocomposite
films.

Table 3. Thermal properties of CS and CS/KAO clay biocomposite films.

Sample KAO Loading [% weight
w.r.t. polymer weight]

First
degradation

Second
degradation

Tonset Tmax Tonset Tmax

CS Nil 47 107 245 457

CS/KAO-1 10 48 108 250 487

CS/KAO-3 30 48 110 258 506

ity of the materials. TGA and DTG (Derivative thermogravime-
try) curves of the CS, CS/KAO-1 and CS/KAO-3 were depicted
in the Figure 7a,b respectively. The degradation processes of the
same were undergone through two steps. All biocomposites were
degraded in the range of 47–110 °C. This is considered as the
first range of degradation, which occurred due to loss of wa-
ter molecules. Pure CS starts breakdown mostly at temperature
about 245°C and degradation almost completed at about 457 °C.
The oxidative break down of the carbonaceous residue occurred
in the temperature range of between 457 and 550 °C which is
considered to be the second stage of degradation.[1,41]

Table 3 summarizes the both degradation temperature ranges
of CS and CS/KAO clay biocomposite films. From the data’s it
is observed that CS/KAO clay biocomposite films have superior
thermal stability than the pure CS. It is also observed that on in-
creasing the clay proportion in the biocomposites, there is an en-
hancement in the stability of CS/KAO clay biocomposite films
which expected to be close agreement with the assumption we
try to draw. In an investigation reported by S. Biswas et al. shows
good resemblance with the results obtained in this work.[33] This
observation is due to the chemical impregnation of the KAO clay
particles to the matrix of the CS.

3.7. Differential Scanning Calorimetry (DSC)

DSC measurements were carried out to ascertain the glass tran-
sition temperature (Tg) of the CS and CS/KAO clay biocomposite
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Figure 8. DSC plots of CS and CS/KAO clay biocomposite films.

films. To the best our knowledge, Tg of CS/KAO clay biocom-
posites with different weight ratios have never been reported.
During the investigation it was found that the Tg values for CS,
CS/KAO-1, and CS/KAO-3 were found to be 130, 136, and 149
°C respectively. The Tg value increased with the increase of KAO
clay content in the CS matrix. This indicates that there is increase
in crystallinity of the biocomposite films. A notable difference in
the DSC thermograms of the CS and CS/KAO clay biocomposite
films were observed, as illustrated in the Figure 8. It was found
that CS has an exothermic degradation peak between 328–329 °C,
whereas biocomposites have a degradation peak between 340–
343 °C. These results indicate that the degradation was getting
slowed down in the composites due to its chemical interaction
of the KAO clay with CS matrix. Hence it is observed that the
CS/KAO clay biocomposites have improved the thermal stability
than that of CS which shows close agreement with the results
reported by S. C. Dey el al.[3]

3.8. Antibacterial Activity Study by Agar Well Diffusion Method

The agar well diffusion test[36,37] results for CS and CS/KAO clay
biocomposite films are shown in Figure 9. The test samples, i.e.,
CS, CS/KAO-1, CS/KAO-2, CS/KAO-3, and CS/KAO-4 were eval-
uated for antibacterial assay against one gram-negative bacteria
Escherichia coli (MTCC-739) and one gram-positive bacteria Bacil-
lus subtilis (MTCC-441) in concentration of 10 mg mL−1. Min-
imum inhibitory concentration (MIC) was tested against bac-
terial pathogens Bacillus subtilis and Escherichia Coli at differ-
ent concentrations of the test samples (10, 5, 2.5, 1.25, 0.625,
and 0.31 mg mL−1). In vitro susceptibility tests showed that test
samples had antibacterial effects against both the bacteria at
MIC 10 mg ml−1. Therefore 10 mg mL−1 concentration was se-
lected for antibacterial activity to determine the zone of inhibi-
tion using agar well diffusion method. The solution used for
dissolving the test samples (2% acetic acid) also showed some
inhibition properties. The highest zone of inhibition was seen
up to 21 mm diameter by CS/KAO-2 followed by 18 mm in

both CS/KAO-1 and CS, 13 mm on CS/KAO-4 and lowest in-
hibition 10 mm diameter was seen on CS/KAO-3 against Es-
cherichia coli at 140 μg mL−1. In case of gram-positive bacteria,
the highest zone of inhibition was seen up to 17 mm diameter
on CS/KAO-3 followed by 15 mm on CS/KAO-1 and CS/KAO-2
each, 13 mm on CS and lowest inhibition 12 mm diameter was
seen on CS/KAO-4 against Bacillus subtilis at 140 μg mL−1. CS
is the only test sample which showed antibacterial activity on all
concentration against gram-negative bacteria but only one con-
centration against gram-positive bacteria. According to our liter-
ature analysis, the antibacterial study of CS/KAO clay biocompos-
ite films for different weight ratios by agar well diffusion method
has never been reported. The biocomposites shows significant
inhibitory effect against gram-negative bacteria as well as gram
positive bacteria. It was observed that this was somewhat more
effective against gram-negative bacteria than gram positive bacte-
ria. This is due to higher hydrophilicity in gram-negative bacteria
than in gram-positive, CS is more sensitive to gram-negative bac-
teria which exhibits increased morphological changes on treat-
ment when compared to gram-positive.[42] Gram-negative bac-
teria are surrounded by a thin peptidoglycan cell wall, whereas
gram-positive bacteria are surrounded by layers of peptidogly-
can many times thicker than is found in the gram-negatives.
In the presence of a thin peptidoglycan layer in gram-negative
bacteria than gram-positive, the low molecular weight CS can
easily cross the cell wall of gram- negative bacteria, while high
molecular weight CS acts as a barrier interfering with the proper
absorption of nutrients by the microbial cell.[43] Moreover, CS
is reported to be polycationic in nature, so it can easily inter-
fere with negatively charged residues at the cell surfaces caus-
ing cell wall disruption and alteration of membrane permeabil-
ity which results in the inhibition of DNA replication and subse-
quently cell death.[44] It is also reported that cationic analogous
can easily bind the surface membrane of gram- negative bacteria
due to the presence of anionic structures such as lipopolysaccha-
rides and proteins.[45] N. Cankaya et al. reported the antibacte-
rial properties for CS/Na+ Montmorillonite, CS/Nanoclay 1–135
and CS/Nanoclay 1–140 and observed good antimicrobial activi-
ties for those biocomposites.[38]

The zone of inhibition of crude extract against bacterial strain
MTCC-739 and MTCC-441 are summarized in Table 4.

3.9. Swelling Test Analysis

To the best of our knowledge, the swelling test of the CS/KAO
clay biocomposite with various weight ratio have never been re-
ported. Swelling tests were performed for all the synthesized CS
and CS/KAO clay biocomposite films. It has been observed that
the highest swelling property was observed for CS/KAO-1 while
the least was observed in case of CS/KAO-4 (Table 5).

The following hierarchy was obtained by comparing the
swelling behavior of CS and CS/KAO biocomposite films (Fig-
ure 10):

CS > CS/KAO-1 > CS/KAO-2 > CS/KAO-3 > CS/KAO-4

Swelling experiment shows that the CS and CS/KAO clay bio-
composite films have different levels of water absorption capacity.

Macromol. Chem. Phys. 2023, 224, 2300008 © 2023 Wiley-VCH GmbH2300008 (8 of 11)
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Figure 9. a) Antibacterial activities of CS and CS/KAO clay against gram-negative bacteria. b) Antibacterial activities of CS and CS/KAO clay against
gram-positive bacteria.
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Table 4. Zone of inhibition (diameter in mm) in different concentration
against MTCC-739 and MTCC-441 bacterial strain.

Sl. No. Sample [Test
& Standard]

Zone of inhibition (diameter) in 140 μl solution
concentration

Gram negative
bacteria (E. coli)

Gram positive bacteria
(B. subtilis)

1. CS 18 mm 13 mm

2. CS/KAO-1 18 mm 15 mm

3. CS/KAO-2 21 mm 15 mm

4. CS/KAO-3 10 mm 17 mm

5. CS/KAO-4 13 mm 12 mm

6. Amoxycillin 23 mm 23 mm

Table 5. Percentage of swelling for all the biocomposite films.

Sample Swelling %

1 h 3 h 6 h 9 h 12 h

CS 47.4 57.2 60.1 60.6 61

CS/KAO-1 46.8 56.3 56.7 57 57.2

CS/KAO-2 45.5 54.8 55.1 55.3 55.4

CS/KAO-3 44.3 52.2 52.4 52.5 52.5

CS/KAO-4 43.2 49.7 49.8 49.8 49.8

It was observed that on increase in the KAO clay amount to the
CS matrix shows an inverse effect to the swelling of the films.
The hydrophilic property provided by groups OH and NH2 in
the structure of CS matrix with the clay particles would be the
reason of this behavior. The results agree well with the investiga-
tion reported by N. Cankayaet al. using CS/Na+ Montmorillonite,
CS/Nanoclay 1–135 and CS/Nanoclay 1–140.[38]

4. Conclusion

In this work, four films of CS/KAO clay biocomposite films were
prepared using CS and KAO clay at different weight ratios in
a 2% acetic acid solution. The ratios of the biocomposite films
were maintained at about 10:01, 10:02, 10:03, and 10:04 respec-
tively. All the biocomposite films were characterized by various

Figure 10. Swelling test plots of CS and CS/KAO clay biocomposite films.

physico-chemical methods viz. FT-IR, UV/Vis, XRD, SEM, UTM,
TGA/DTA, and DSC. Two tested bacteria’s viz. Escherichia coli and
Bacillus subtilis were used to determine the antibacterial activities
of the biocomposite films. The biocomposite films were also per-
formed with swelling tests. FT-IR analysis reveals that absorp-
tion band at 1639 cm−1 for CS film was shifted to 1624 cm−1 in
the biocomposites. CS/KAO clay biocomposite films showed a
high UV/Vis absorption than pure CS matrix. XRD pattern con-
firmed that the KAO clay was effectively incorporated into the
CS with four different concentrations. SEM micrographs showed
that in case of CS/KAO-1 biocomposite, the clay particles were
uniformly dispersed into the matrix and thus showed an exfoli-
ated structure whereas in case of CS/KAO-2 and CS/KAO-3 the
filler and matrix interaction was more prominent. The fibrous
network and rough surface in CS/KAO-4 was due to the high con-
centration of KAO clay in the CS matrix. The gradual addition
of filler is the reason of enhancement in the mechanical prop-
erties of biocomposites. The biocomposite films showed greater
thermal stability than that of the CS matrix. The thermal stabili-
ties improved with the increase of clay amount into the CS ma-
trix. Further DSC suggests that the thermal stability of CS was
improved due to composite formation. Antibacterial activity of
biocomposite films was investigated in which the test materials
had significant inhibitory impact against gram-negative bacte-
ria, Escherichia coli than gram-positive bacteria, Bacillus subtilis.
Swelling experiment shows that the CS and CS/KAO clay bio-
composites have different levels of water absorption capacity and
increase of the clay is inversely related to the swelling of the films.
From our literature analysis it was observed that the CS/KAO
clay biocomposites has several applications. As the synthesized
biocomposites shows good tensile strength as well as significant
antibacterial properties it may be used in the food packaging pur-
poses. We can believe that all biocmposites have the ability to per-
form well as food packaging material but since CS/KAO-2 shows
highest zone of inhibition against Escherichia coli, so that among
all the biocomposites CS/KAO-2 may be the best material for
food packaging applications. Also, it may be observed that among
all the biocomposites, CS/KAO-2 possessed a more uniform and
smoother surface which is desirable for its industrial applica-
tions. It was also observed that, as the biocomposites were rich
in clay it may shows some good performance in the absorption
for various cationic dye and heavy metals. On the basis of the lit-
erature investigation, we can say that CS/KAO-4 may have possi-
bly better performance for cationic dye uptake because CS/KAO-
4 biocomposite contain highest amount of KAO clay whereas
CS/KAO-1 may adsorb heavy metals because lowest amount of
KAO clay is present. The findings suggest that CS/KAO clay bio-
composites have exceptional properties with wide applications,
hence able to occupy a potential market across the globe.
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Abstract
Chitosan (CS) is a biopolymer known for its outstanding biocompatibility, 
biodegradability, and antibacterial properties. On the other hand, Clays are 
natural inorganic materials and have good rheological and thermal properties. 
Therefore, it is expected that the biocomposite prepared from both these 
materials may have numerous intriguing properties. In this work, we report 
the preparation of chitosan (CS)/bentonite (BNTN) and chitosan (CS)/silica 
(Si) biocomposite films and characterizations of those via various analytical 
techniques such as X-ray diffraction (XRD), Scanning Electron Microscope 
(SEM), Fourier Transform Infrared (FT-IR) Spectroscopy, Thermogravimetric 
Analysis (TGA), Differential Scanning Calorimetry (DSC), Ultraviolet/Visible 
(UV/Vis) Spectroscopy and Universal Testing Machine (UTM). Swelling tests of 
prepared biocomposite films were also carried out in distilled water to evaluate 
their property towards packaging applications. The synthesized biocomposite 
films exhibit appreciable antimicrobial activity against Escherichia coli and 
Bacillus subtilis bacteria using the agar well diffusion method. Additionally, it 
has been noted that compared to the films of the other two biocomposites, the 
CS/BNTN biocomposite films showed greater tensile strength, swelling capacity 
and antimicrobial activity.
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Introduction
In recent decades, biodegradable polymers have 
been greatly emphasized for their excellent 
applications in several industries due to 
their fascinating properties1,2. Among those, 
chitosan (CS) is one of the most promising 
biodegradable polymers3. From the structural 
point of view, it is a linear polysaccharide and 
a deacetylated derivative of chitin, which is 
the most prevalent natural polymer found in 
bacterial and fungal cell walls as well as in the 

exoskeleton of crustaceans4,5. CS is composed of 
units of glucosamine and N-acetylglucosamine 
linked by 1-4 glycosidic linkages6. CS doesn’t 
dissolve in organic solvents or in water under a 
neutral or basic environment which is due to the 
protonation of free amino groups but dissolves 
in acidic medium (about pH< 6) such as acetic 
acid, formic acids, etc.7. It is observed that 
in the last two decades, CS has been explored 
greatly due to its exceptional properties viz. 
biocompatibility, biodegradability, anti-bacterial 
action, non-toxicity, cellular compatibility, etc.8. 
The chemical modifications of the CS framework 
drastically enhance the physicochemical 
properties. Various biocomposites of CS 

 Anal. Chem. Lett. 13 (6) 2023 pp 609 - 625 609

mailto:djhaloi@tezu.ernet.in


are synthesized using different chemical 
functionality. This methodology escalates to 
creating some novel materials of the same with 
exciting characteristics. Basically, CS-based 
biocomposites are prepared by using different 
types of inorganic substances such as layered 
silicates. Only CS-based products are rare as 
they don't have characteristics similar to that of 
CS-biocomposite materials. In the last few years, 
many CS-based biocomposites were developed 
to help with environmental challenges. For this 
reason, CS immobilization on clay minerals has 
gained serious attention for various applications9.
 Various studies revealed that clay minerals 
as naturally occurring inorganic compounds 
with unique structural adsorption, rheological, 
and thermal characteristics10. These materials 
are inherently hydrophilic in nature due to the 
presence of hydroxyl (-OH) groups on their 
surface, which may readily form bonds with 
water molecules11. On very few occasions 
purification and modification are required to 
increase the clay's compatibility with other 
polymers 12. Clay minerals significantly improve 
the characteristics of CS which are due to their 
smaller particle size, high surface area, favourable 
aspect ratio, and better dispersion ability. 
The implementations of clay minerals in the 
industries of food, pharmaceutical, cosmetic, and 
other areas can be a result of various properties 
of clay viz. biocompatibility, non-toxicity, and 
outstanding controlled release ability13. The most 
incorporated silicate in polymer composites is 
bentonite (BNTN) clay. It is an aluminosilicate 
of 2:1 type and is made up of recurring triple-
layer sheets with a thickness of about 1 nm and 
a length between hundred to several hundred 
nanometers that is shared by two tetrahedral 
silica sheets and an octahedral sheet of alumina14. 
When layers are stacked over one other, a space 
between them is created which is referred to as 
the interlayer. Weak electrostatic forces hold 
these parallel layers together to make the entire 
structure. The cations inside the interlayer can 
be easily transferred by other cations as it holds 
weak interaction between the stacking layers15.
Another clay with a characteristic porous 
inorganic morphology with significant pore 

volume, varied pore structure and high surface 
area is silica (Si). It is also used as support and in 
some modification techniques of other materials. 
Moreover, Si is very much applicable to various 
industries like rubber, pesticides, papermaking, 
plastic processing, etc.16,17.
 The electrolytic and chelating nature of CS 
is characterized by the presence of the acidity 
of the -NH3

+ group. Moreover, due to its 
polycationic nature in acidic environments, CS 
may be intercalated in the different clays through 
the cationic exchange mechanism and hydrogen 
bonding interactions. Thus, the biocomposite form 
demonstrates intriguing structural and functional 
traits15,18. Recent literature reveals detailed 
the several characteristics and applications 
of these hybrid materials of clay and CS. In a 
report, Lin et al. proposed a novel method to 
synthesize CS/montmorillonite nanocomposites 
and investigated the mechanical properties and 
biodegradable characteristics. They reported that 
the tensile properties can be enhanced through 
the preparation of nanocomposites of CS, 
which can prevent degradation in the vitro test1. 
In some other studies, Tan et al. prepared CS/
montmorillonite nanocomposites in the presence 
of hydroxy-aluminium oligomeric cations and 
nanocomposite. These nanocomposites were 
used in the absorption of organic and metal 
ions from dyes and finishing effluent15. Darder 
et al. investigated the intercalation of the 
cationic biopolymer CS in Na+- montmorillonite 
and provided compact and robust 3-D 
nanocomposites with some interesting functional 
properties18. Laaraibi et al. also designed CS/
montmorillonite nanocomposite films that 
showed potential utility in the food and the 
environmental field19. Cankaya et al. prepared 
some CS/montmorillonite nanocomposites 
from three major types of montmorillonites and 
their organo-clay and investigated the thermal, 
antimicrobial, and swelling properties of the 
biocomposites20. Another report investigated by 
Salama et al. prepared a new adsorbent material 
from CS and anionic silica clay through ionic 
interaction followed by a sol-gel process and 
showed that CS/Si nanocomposite was found to 
be an appropriate material for the adsorption of 
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organic pollutants in wastewater21. Mohammed 
et al. also synthesized CS/Si nanocomposite 
materials for the removal of methyl orange 
dye from water22. The report investigated by 
Sagheer et al. fabricated some CS/Si hybrid 
films by sol-gel process using tetraethoxysilane 
as a precursor material23. Zhong et al. used 
triblock co-polymer as the structure-directing 
agent, ethyl orthosilicate as the silicon source 
and CS as a carrier to prepare unique CS/Si 
composite with various mass ratios. Thus, the 
prepared composites showed quality application 
in removing dyes from the wastewater and the 
material has excellent reusability for up to six 
cycles17. Blachino et al. also prepared a CS/Si 
hybrid composite by physical adsorption and 
the sol-gel method and applied these materials 
for the removal of sulfonated azo dyes from 
an aqueous solution24. Cacciotti et al. assessed 
the possible uses of the CS/Montmorillonite 
systems as innovative carriers for enzyme 
covalent immobilization25. Benucci et al. 
prepared biopolymeric nanocomposite films by 
using CS and nanoclay to be used as carriers 
in the covalent immobilization of a proteolytic 
enzyme via glutaraldehyde crosslinking, with the 
intention of applying them in the winemaking 
process26. Moreover, in a different experiment, 
they incorporated two nanoclays into the CS-
based nanocomposite films, the films exhibited 
enhanced mechanical properties, making them 
suitable for use in both synthetic and real white 
wine applications27.
 The main goal of our current investigation 
is to prepare CS/clay biocomposite films by 
combining BNTN and Si clay with an acidified 
aqueous solution of CS. A few biocomposite 
films using two different kinds of clay viz. 
BNTN and Si are prepared by the method 
explained in an earlier report28 and the results are 
also compared with that report of chitosan(CS)/
kaolin(KAO) biocomposite films. Various 
physicochemical methods, including XRD, 
SEM, FT-IR, TGA, DSC, UV/Vis and UTM 
are used to characterize these synthesized CS/
clay biocomposite films. Swelling tests are 
performed for these biocomposite films. Notable 
antimicrobial activity of these biocomposite 

films was observed against two bacteria- 
Escherichia coli and Bacillus subtilis. To the 
extent that we are aware, there has not been 
comparative research done for different CS/clay 
biocomposite films. Moreover, there has been 
no investigation carried out on the swelling tests 
of CS/Si biocomposite films. Aside from that, 
the antimicrobial activity of those materials for 
Escherichia Coli and Bacillus subtilis bacteria 
has never been reported. We strongly believe 
that swelling property investigation, biological 
applicability and comparative analysis of 
various physicochemical characteristics of CS/
clay biocomposite films make our work a novel 
and applicable one for diversified areas. We are 
thus very much interested in synthesizing these 
green bio-composite materials based on CS and 
clay material which are bio-friendly and non-
hazardous to the environment. We believe that 
there are several aspects yet to be explored in this 
area, and our investigation is just a breakthrough 
in this domain. 

Experimental
Chemical ingredients and Bacterial strain
Chitosan (from shrimp shells) with a 
deacetylation level of 75% is the key component 
of this research work and was purchased from 
LOBA Chemie Pvt Ltd. Bentonite also known 
as Montmorillonite and Aluminium Silicate 
Hydrate, was bought from Sisco Research 
Laboratories Pvt. Ltd. Silica Gel (SiO2) was 
obtained from Thermo Fisher Scientific India 
Pvt. Ltd. Glacial acetic acid, which has a purity of 
>99% was purchased from EMPLURA in India, 
and distilled water was employed as solvent as 
required. The MTCC, Chandigarh, Punjab, India 
provided two bacterial species for antimicrobial 
activity - one gram negative (MTCC-739-
Escherichia coli) and one gram positive (MTCC-
441-Bacillus subtilis).
 All additional reagents and chemicals were of 
analytical grade and used exactly as they were 
supplied.

Synthesis of CS/Clay Biocomposite Films
First 100 mL of 2% aqueous acetic acid solution 
were used to dissolve 1 g of CS powder. 
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This mixture was subsequently agitated at a 
temperature of 40 °C for a duration of 5 h. The 
resulting CS solution was then combined with 
0.1 g of BNTN clay while being agitated at room 
temperature for 24 h at a speed of roughly 700 rpm. 
Subsequently, the resultant solution was poured 
into a petri dish and subjected to a 24 h drying 
period at 60 °C to facilitate the evaporation of 
the solvent, ultimately yielded the biocomposite 
films. To eliminate any remaining acetic acid 
residue, the film was immersed in an aqueous 
solution containing 0.05 M NaOH. Following 
this, the film underwent neutralization by rinsing 
it with distilled water and was then allowed to air 
dry at room temperature. The similar procedure 
was applied for the synthesis of CS/Si clay 
biocomposite films. The details of preparative 
data of CS/clay biocomposite films are shown in 
Table 1. CS/BNTN clay biocomposite films with 
10% and 30% of BNTN clay are denoted as CS/
BNTN-1 and CS/BNTN-3 respectively, whereas 
CS/Si biocomposite films with 10% and 30% 
of Si clay are denoted as CS/Si-1 and CS/Si-3 
respectively.
 The prepared CS/clay biocomposite films with 
different physical parameters are shown in Table 
1 and Fig. 1.

Synthesis of crude sample for analysis of 
antimicrobial activity
In order to assess the antibacterial properties, 
the CS/clay biocomposite films were dried 
and then dissolved in a 2% acetic acid solution 
at a concentration of 10 mg/mL. To facilitate 
the dissolution of these films, the solutions 
were stirred with continuous rotation for 
approximately 5 h at a temperature of 40 °C. The 
resulting solutions were subsequently employed 
to evaluate their antibacterial effectiveness.

Instrumental techniques for the characteri-
zation of biocomposite films
The XRD patterns of the biocomposite films 
were examined using a Bruker AXS X-Ray 
Diffractometer (model D8 Focus, Germany) with 
Cu-Kα radiation (wavelength λ = 0.154 nm). The 
instrument was operated at 30 kV and 30 mA, 
and the scanning rate was set at 0.05 degrees per 
second, covering a 2θ range from 10° to 70° with 
step size of 0.1 (2θ) for the investigation. Using 
Debye Scherrer equation, 29 the average crystallite 
size is determined by taking into account the 
full-width at half-maximum (FWHM) of the first 
intense peak.
 Dhkl = F λ / M Cosθ                                     (1)
 In equation 1, D represents the average 
crystallite size, θ is the Braggs angle and M is 
FWHM. The value of F is 0.89 for a spherical 
shape. SEM images of the samples were captured 
using an analytical scanning electron microscope 
(JSM-7610F), with an operating accelerating 
voltage of 5.00 kV. Samples were were cut 
into small pieces and then mounted with the 
SEM holder using the double glue tape. After 
that, the mixture of Pd and Au plasma sputted 
over the surface of the samples. The FT-IR 
analyses of the samples were conducted using 
an Agilent Cary 630 FT-IR spectrometer, within 
the spectral range of 4000-700 cm-1 with a 
resolution of 4 cm-1. Each spectrum was obtained 
by accumulating 8 scans. The TGA results were 
acquired using a Netzsch instrument (Model: 
STA2500A-0297-N). The samples (~3 mg) were 
introduced into the balance system of the machine 
and subjected to heating within a temperature 
range spanning from 20°C to 600°C. The heating 
rate employed was 10 °C/min and the analysis 
was conducted under a nitrogen atmosphere 
with a constant flow rate of 30 mL/min. Then, 

Table 1. The preparative data of CS/clay biocomposite films

Sample Film thickness 
(mm)

Amount of 
CS (g)

Clay used Clay % w. r. t. the 
amount of CS

CS/BNTN-1 0.15 1 BNTN 10
CS/BNTN-3 0.18 1 BNTN 30
CS/Si-1 0.14 1 Si 10
CS/Si-3 0.18 1 Si 30
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the samples were cooled under air flow and the 
analysis was conducted with a dwelling time of 
58 min. The DSC for all the samples (~6 mg) 
were carried out using a NETZSCH DSC 214 
Polyma DSC21400A-0438-L. The samples were 
subjected to heating, starting from 30°C and 
reaching 400°C, at a controlled heating rate of 10 
°C/min. This DSC analysis was conducted under 
a nitrogen atmosphere with a constant flow rate 
20 mL/min. The UV/Vis analyses of the samples 
were conducted using an Agilent Cary 60 UV/
Vis spectrophotometer, covering the spectral 
range from 200 to 800 nm with a resolution 
of 1 nm. The tensile properties of the samples 
were determined using a Texture Analyzer (TA-
HDPlus, Stable Microsystems, UK). Thin strips 
were cut in 10 mm from each biocomposite 
film to assess their textural characteristics. The 
strips were placed in grips of testing machine 
and an initial gap was 20 mm between the grips. 
The tests were conducted with the following 

parameters: a pre-test speed of 2 mm/s, a test 
speed of 3 mm/s, a post-test speed of 10 mm/s, 
a distance of 75 mm, and a trigger force of 10 g. 
The probe used for testing was attached to a 5 
kg load cell. All the measurements were done in 
triplicates and average values were reported.

Analysis of Swelling capacity
The swelling characteristics of all the CS/clay 
biocomposite films that were synthesized were 
examined by immersing them in distilled water 
with a pH of 7.0 at room temperature for various 
time intervals, namely 1, 3, 6, 9, and 12 h. To 
initiate the process, the samples were first dried in 
an oven and their initial weights were measured. 
Subsequently, the samples were placed into 
containers filled with distilled water, with the first 
immersion occurring at t= 0. Measurements were 
then taken at specified intervals until a consistent 
weight was attained. The samples were later 
filtered using filter paper. This entire procedure 

Fig. 1. Biocomposite films made of CS and clay
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was repeated three times to ensure reliable and 
consistent results. The swelling percentage (Sw) 
of each sample was calculated using the formula
 below 20:

 In equation (2), wi is the initial weight of the 
dried sample and wf is the final weight of the 
prepared sample at time t.
 
Antimicrobial Study
The agar well diffusion assay for the samples was 
carried out with a few minor modifications in the 
method proposed by Valgas et.al.30. In order to 
carry out the investigation, 4 (four) wells with 
a diameter of 6 mm each had to be generated 
aseptically in the nutrient agar plates with a cork 
borer. A sterile loop was employed to carefully 
extract the agar cylinders. Subsequently, the 
test organism, a bacterial species, was swabbed 
onto sterile agar plates. Following the swabbing 
process, each well was loaded with 140 µL of 
the previously prepared test samples. To ensure 
the samples dried properly, the wells were 
placed under a blower in the laminar airflow 
(LAF). Once the plates were completely dry, 
they were aseptically removed from the LAF and 
incubated at a temperature of 37 °C for 18 h. The 
inhibition zones were then measured as part of 
the investigation.

Results and discussion
Analysis via XRD technique
Fig. 2(a) depicts the results of an investigation 
of the XRD study of the CS/clay biocomposite 
films. The intense peaks obtained for CS/BNTN 
and CS/Si biocomposite films were compared 
with CS/KAO biocomposite films reported by 
Bhattacharjee et al.28 to know the preliminary 
information about the incorporation of BNTN 
and Si clay in the CS. CS has been shown to 
have semi-crystalline character whereas BNTN 
clay is crystalline and Si clay is amorphous. 
All the outcomes were noted in the 2θ range, 
which is around 10°-70°. For CS/BNTN clay 
biocomposite films, several intense peaks were 
observed; however, no such peaks were seen for 
CS/Si biocomposite films, which was mostly due 
to the amorphous nature of the Si clay. The XRD 

pattern of CS revealed a large diffraction peak 
at about 22.4° reported by Bhattacharjee et al., 
which corresponds to the usual fingerprints of 
the semicrystalline nature of CS. The absence 
of the peak at 22.4° in the CS/clay biocomposite 
films, as can be seen in Fig. 2(a), indicates that 
the CS in those biocomposite films has lost its 
crystallinity. It was found that the intensities 
of the peaks increased as well as a slight 
broadening in the biocomposite films from 
CS/BNTN-1 to CS/BNTN-3 with increasing 
concentrations of BNTN clay particles. On the 
other hand, the diffraction peak at 2θ around 
22.4° weakened with an increase in the Si clay 
percentage in the XRD patterns of CS/Si-1 
and CS/Si-3. This might be due to the addition 
of Si clay which destroyed the hydrogen bond 
between the CS molecules and thus affected the 
crystalline structure of CS17. Therefore, it can 
be assumed that all the clays were successfully 
incorporated into the CS. It was observed that 
more characteristic peaks were observed in CS/
BNTN clay than in CS/KAO biocomposite films 
and no such distinguish characteristic peaks were 
observed in the case of CS/Si clay biocomposite 
film. This finding indicates that the crystallinity 
of biocomposite films is arranged as follows:
CS/BNTN > CS/KAO > CS/Si
 Using the Debye-Scherrer equation, the 
average crystallite size was determined. For all of 
the samples, the average value shifts from 18.08 
to 19.83 nm. The particle sizes decrease and 
peaks are slightly shifted to a greater diffraction 
angle as the clay particle concentration rises.
 For the purpose of removing the strain caused 
by the integration of CS, the lattice constant was 
computed from three significant peaks by the 
Nelson and Riley plot, and an average value of 
5.3912 Ǻ was found. Fig. 2(b) shows the Nelson 
Riley plot.

Analysis via SEM
To understand and visualize the morphologies 
of the synthesised CS/clay biocomposite films, 
SEM images were recorded. Fig. 3 shows the 
micrographs which illustrate the morphological 
changes of the biocomposite films. SEM 
micrograph of the biocomposites shows in which 

(2)
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Fig. 2(a). XRD patterns of different biocomposite films comprising CS and Clay

Fig. 2(b). Nelson and Riley graphs for biocomposite films containing CS and Clay
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manner the clay particles are incorporated into 
the CS molecules. Additionally, the distribution 
of the clay particles throughout the CS molecule 
is observed. For CS/BNTN biocomposite films, 
an increase in the clay amount results in a more 
rugged structure. The homogeneous dispersion 
of the clay particles proves the presence of an 
exfoliated structure20. Analysis of Fig. 3(a) and 
3(b) reveals that the CS/BNTN biocomposite 
films have a uniform appearance with small 
irregularities and bumps. In the case of CS/
Si biocomposite films, the SEM images are 
shown in Fig. 3(c) and 3(d) which shows that the 
biocomposite films have a rough and irregular 
surface31 and a flocculated fraction of Si is 
observed. It is observed that the biocomposite 
films exhibit considerable flocculation and 
intercalated morphology. The hydroxylated 
edge-edge interaction of the silicate layers 
causes the formation of a flocculated structure 
in the biocomposite films15. An article reported 
by Bhattacharjee et al. discussed the SEM 
micrographs of CS and CS/KAO biocomposite 

films where it was observed that with an increase 
in the amount of KAO clay in the biocomposite, 
the surface becomes more rough28. By analysing 
the SEM images of all the biocomposite films, 
the surface of the CS/KAO biocomposite films 
was found to be smoother and more uniform than 
those of the CS/BNTN and CS/Si biocomposite 
films. According to the structure of CS, it 
possesses one amino group and two hydroxyl 
functional groups. The silicate layers and 
matrix are thought to interact strongly because 
it is expected that the hydroxylated silicate edge 
groups and the functional groups of CS can form 
hydrogen bonds. The results indicate that CS is 
intercalated over the clay particles13.

FT-IR spectral analysis
The FT-IR spectra were recorded for the 
synthesized biocomposites films i.e., CS/BNTN 
and CS/Si in the ratios of 10:01 and 10:03 at 
the region of 4000-700 cm-1 (Fig. 4). The bands 
at 3630, 3433, 1638, 994, and 797 cm-1 in Fig. 
4(a) and Fig. 4(b) correspond to the vibrational 

Fig. 3. SEM micrographs of (a) CS/BNTN-1 (b) CS/BNTN-3 (c) CS/Si-1 and (d) CS/Si-3
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bands of the silicate which stay unaffected in 
the biocomposite films. The additional bands 
in the biocomposites at 2927 and 1382 cm-1, are 
consistent with those observed in the pure CS 
film15. The band at 3439 cm-1 in Fig. 4(c) and Fig. 
4(d) is the result of stretching vibrations of -OH 
groups attached to the carbon atom. C-H stretching 
vibrations arise with intense absorption bands at 
2927 cm-1 and bending vibrations arise with intense 
bands at 1415 and 1382 (cm-1)31. The vibration 
bands at 1532 cm-1 in all of the biocomposite 
films show the electrostatic interaction between 
the NH3

+  group of CS and the negatively charged 
sites in the added clay. The obtained results are 
in close agreement with the CS-based hybrid 
materials15,24. We have thoroughly discussed the 
FT-IR results of CS and CS/KAO biocomposite 
films in one of our earlier reports28. When all the 
biocomposite films are compared with different 
clay materials (viz. KAO, BNTN, and Si), it is 
observed that the vibration band that corresponds 
to the deformation vibration of the charged amine 
group in the CS film is found to be shifted towards 
more low-frequency values in the biocomposite 
films. This evidence confirmed that the films thus 
synthesized are not a physical mixture of CS and 
clay particles; in fact, these are biocomposite 
films32.

Thermal Analyses 
To investigate the thermal stability of the 
material, TGA of the CS/clay biocomposite films 
is performed. Fig. 5 shows the TGA plots for the 
CS/clay biocomposite films. The plots show that 
the degradation processes for the biocomposite 
films took place in two steps. In the case of CS/
BNTN biocomposite films, the first degradation 
range (50-200 °C) is related to the loss of water, 
while the second breakdown occurs at about 
280 °C for CS/BNTN-1 and about 287 °C for 
CS/BNTN-3 which represents the deacetylation 
and degradation of CS and the final stage which 
occurs in the vicinity of 450–550 °C can be 
assumed to be related to the oxidative breakdown 
of the carbon-based residue produced during 
the preceding stage. The results thus obtained 
are well agreed with the TGA data obtained by 
Laaraibi et al. in their investigation19. For CS/Si 
biocomposite films, the first stage of degradation 
is observed at a temperature below 120 °C, which 
can be considered as evaporation of water. The 
second stage observed at 200-350 °C indicates 
the breakdown of the organic components of the 
CS/Si biocomposite films and the third stage at 
the range of about 370-590 °C. These showed 
the high stability exhibited by the biocomposite 
films, composed of CS and Si clay. The results 

Fig. 4. FT-IR Spectra of different biocomposite films composed of CS and Clay
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show close agreement with the results obtained 
by the Salama et al. in their report21. One of our 
previous reports revealed the thermal stability of 
CS and CS/KAO biocomposite films where we 
explored that the CS/KAO biocomposites have 
superior thermal stability than the pure CS and 
also on increasing the clay proportion in the 
biocomposite, there was a clear enhancement in 
the stability of CS/KAO biocomposites films28. 
Herein, we have explored that the thermal 
stability of the biocomposite films progressively 
rises as the clay percentage increases and that the 
decomposition temperature of CS/BNTN and 
CS/Si biocomposite films display greater thermal 
stability than the pure CS. The temperature ranges 
at which synthesized CS/clay biocomposite films 
degrade are listed in Table 2. On comparing the 
outcomes with Bhattacharjee et al.28 which is 
based on the CS/KAO biocomposite films, it has 
been noticed that the CS/Si biocomposite films 
exhibited a slightly higher thermal stability than 
the CS/BNTN biocomposite films and the CS/
BNTN biocomposite films exhibited slightly 
greater than those of CS/KAO biocomposite 
films.  The high melting point of Si clay, which has 
the ability to withstand very high temperatures 

without suffering substantial degradation, and 
BNTN clay, which can sustain moderately high 
temperatures without suffering vital degradation, 
are thought to be causes of this order. The KAO 
clay, on the other hand, undergoes a phase 
transformation as the temperature rises.

DSC investigation
As shown in Fig. 6, thermograms obtained from 
DSC for the CS/BNTN and CS/Si biocomposite 
films provided some substantial results. 
Bhattacharjee et al. reported that the CS degrades 
exothermically in the temperature range between 

Fig. 5. TGA graphs for different biocomposite films comprising CS and clay

Table 2. Thermal properties of 
CS/clay biocomposite films

Sample 1st 
breakdown

2nd 
breakdown

Tonset
(ºC)

Tmax
(ºC)

Tonset
(ºC)

Tmax
(ºC)

CS/BNTN-1 219 280 450 545
CS/BNTN-3 227 287 460 550

CS/Si-1 200 343 370 565
CS/Si-3 216 350 378 570
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Fig. 6. DSC thermograms of different CS/clay biocomposite films

328-329 °C, whereas CS/KAO biocomposite 
films degrade between 340-343 °C28. Herein, the 
degradation peak was obtained for CS/BNTN 
biocomposite films in the temperature range 
between 347-349 °C, whereas the peak for CS/Si 
biocomposite films was obtained between 350-
353 °C. The result indicates that the degradation 
of biocomposite films was delayed because of 
their interaction with the particles of clay. As a 
consequence, the thermal stability of CS/clay 
biocomposite films was enhanced distinctly. 
The thermal stability order of all three types of 
biocomposite films is as follows:
CS/Si > CS/BNTN > CS/KAO 

Spectral analysis via UV-Vis spectroscopy
Fig. 7 displays the UV-Vis Spectra of CS/
clay biocomposite films that were recorded at 
ambient temperature. The absorption bands for 
synthesized biocomposite films were visible 
between 200-800 nm. Maximum wavelengths 
for films viz. CS/BNTN-1, CS/BNTN-3, CS/Si-
1, and CS/Si-3 are obtained at 388 nm, 374 nm, 
358 nm and 380 nm, respectively. The absorption 
bands observed at the range of 300-400 nm are 
mostly responsible for the direct electronic 
transition from d-π* orbital which is also termed 

the Soret band33. The position and shape of the 
UV absorption band were affected by the amount 
of clay introduced to CS. The variations in the 
intensity of the absorbed light were closely 
associated with the increase in the amount of clay 
in the biocomposite films. When clay particles 
get concentrated, the molecular interaction 
occurs as a result the alteration in the shape and 
position of the bands takes place. Therefore, 
the peak shifting was observed in various CS/
clay biocomposite films. Absorption parameter 
includes the maximum absorption wavelength 
(λmax), absorption intensity and peak shape in 
the absorption spectrum. Maximum absorption 
indicates the wavelength where the biocomposite 
absorbs light most strongly. Shifts in λmax can 
signal changes in the interaction between CS and 
clay. In our previous report28 we reported that CS 
shows λmax value at 354 nm and in the case of all the 
other CS/clay biocomposite films, the λmax value 
shifts towards longer wavelengths which may be 
corroborated with the enhanced interaction in the 
biocomposites’ electronic structure. Moreover, 
absorption intensity changes with concentration 
or the extent of interaction between components. 
An increase in intensity also indicates enhanced 
interaction. By comparing CS/BNTN clay 
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Fig. 7. UV-Vis Spectra of different biocomposite films composed of CS and clay

and CS/Si clay biocomposite films with CS/
KAO clay biocomposite films reported by 
Bhattacharjee et al.28, it was observed that in 
all the cases maximum absorption was shown 
by the biocomposite films which contained 
the highest concentration of clay. Among all 
the biocomposite films CS/KAO-3 and CS/
BNTN-3 showed maximum absorption (both 
the values are almost similar). The fact behind 
the observation may be due to the amount of 
clay particles in the biocomposite films and 
the path length it travels. We primarily want to 
investigate the interaction of various clays with 
the pure CS molecule from the UV/Vis study. In 
addition, we were interested in examining how 
various biocomposite films influence the shape 
and position of the absorption band. The Soret 
band at 300-400 nm, which was clearly visible 
for all the synthesized films, is another goal of 
this investigation. Therefore, in addition to FT-
IR analysis, this analysis also provided strong 
supporting structural information.

Analysis of tensile properties
The literature survey prevails that researchers 
have given much importance to the development 
of CS/Clay biocomposites intending to use 
them for some specific kind of applications 
where good mechanical properties are not a 

requirement. However, one of the key qualities 
that can separate polymers from tiny molecules 
is often found to be their mechanical properties. 
The mechanical properties such as elongation 
at break and tensile strength are examined to 
gain more knowledge of the physical properties 
of CS/clay biocomposite films. In Table 3 both 
characteristics are listed. It has been shown that 
when the number of clay particles in biocomposite 
film rises, the elongation at break reduces but 
the tensile strength improves. Lin et al.1 and 
Laaraibi et al.19 also observed similar trends in 
the addition of BNTN clay to the CS matrix. In 
comparison to CS/KAO and CS/Si biocomposite 
films, it is noted that CS/BNTN biocomposite 
films possess the highest tensile strength. A high 
tensile strength value indicates an increase in the 
stiffness of the biocomposite film whereas low 
elongation at break result   shows that decrease in 
ductility. The finding indicates that CS/BNTN-3 
possesses the highest stiffness and lowest ductile 
properties among all synthetic biocomposite 
films. These properties indicate that CS/BNTN-
3 has higher brittleness characteristics. Thus, the 
fragility order of the synthesized biocomposite 
films is as follows:
 CS/BNTN-3 > CS/BNTN-1 > CS/KAO-3 > CS/
KAO-1 > CS/Si-3 > CS/Si-1
 The higher tensile strength of CS/clay 
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biocomposite films indicates an improved 
polymer-filler interaction. The high tensile 
strength of CS/clay biocomposite films, an 
intriguing mechanical characteristic, makes them 
attractive options for use as a food packaging 
material.

Analysis of Swelling Capacity
All the synthesized CS/clay biocomposite films 
underwent swelling test analyses, and key 
findings are shown in Fig. 8. All the findings thus 
obtained were compared with the investigation 
on CS and CS/KAO biocomposite films reported 
by Bhattacharjee et al.28. The literature review 
reveals that no swelling test analysis for CS/Si 
biocomposite films has been reported. Herein, 
it is found that the swelling capacity of CS/
BNTN biocomposite films increases with time 

along with an increase in BNTN clay content. In 
comparison to pure CS film, these biocomposite 
films exhibit enhanced swelling characteristics. 
The reason for this change may be assumed to 
be the structural correlation between CS and 
BNTN clay. The water absorption capacity of 
CS rises with an increase in the concentration of 
BNTN clay, which provides additional sites for 
water to interact, as a result, the biocomposite 
films swell more34. Abdelkrim et al. reported 
similar results with BNTN clay35. On the other 
hand, CS/Si biocomposite films exhibit some 
interesting results that are quite similar to 
those of CS/KAO clay biocomposite films. The 
analysis reveals that the swelling property of the 
biocomposite films has an inverse relationship 
to the addition of Si clay to the CS matrix. The 
hydrophilic properties offered by the −NH2 and−
OH groups present within the CS, which provide 
some interactions with the clay particles, can be 
used to explain this property. The percentages of 
swelling for synthesized CS/clay biocomposite 
films are summarized in Table 4. From the 
analysis, it is clear that CS/BNTN-3 exhibited 
the highest swelling characteristics. 

Antimicrobial study 
The agar well diffusion procedure for antimicrobial 
analysis30 of the CS/clay biocomposite films is 
shown in Fig. 9. At a concentration of 10 mg/
mL, the antimicrobial activity of the test samples 
i.e., CS/BNTN-1, CS/BNTN-3, CS/Si-1, and 

Table 3. Tensile properties of various 
CS/clay biocomposite films

Biocomposite 
Films

Elongation 
at break 

(%)

Tensile 
Strength (in N)

CS/KAO-1 5.8 ± 0.1 55.1 ± 2.2
CS/KAO-3 5.5 ± 0.1 58.5 ± 2.4

CS/BNTN-1 5.2 ± 0.2 94.3 ± 3.1
CS/BNTN-3 4.3 ± 0.1 96.2 ± 3.3

CS/Si-1 5.5 ± 0.2 37.9 ± 1.2
CS/Si-3 5.2 ± 0.2 40.2 ± 1.3

Fig. 8. Plots of swelling test of various CS/clay biocomposite films
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Fig. 9. Antimicrobial activities showing zone of inhibition by CS/clay 
biocomposite films against (a) Escherichia coli and (b) Bacillus subtilis

Table 4. Swelling % of various 
CS/clay biocomposite films

Sample
Type

 % of Swelling
1 h 3 h 6 h 9 h 12 h

CS/BNTN-1 50.2 60.3 65.5 66.4 67.1
CS/BNTN-3 52.4 63.2 68.4 70.2 70.9

CS/Si-1 46.3 55.8 56.2 56.5 57
CS/Si-3 43.7 51.9 52.2 52.3 52.3

CS/Si-3, were assessed against Escherichia and 
Bacillus subtilis. With respect to Escherichia 
coli, CS/BNTN-3 showed the largest zone of 
inhibition, measuring up to 26 mm in diameter, 
followed by CS/BNTN-1 with 25 mm, CS/Si-3 
with 24 mm and CS/Si-1 with 23 mm. In case 
of Bacillus subtilis, CS/BNTN-3 showed the 
maximum zone of inhibition, measuring up to 23 
mm, followed by CS/BNTN-1 and CS/Si-3 with 
22 mm and CS/Si-1 with 21 mm. The obtained 
antimicrobial results were compared with the 
published article of CS/KAO biocomposite films 
reported by Bhattacharjee et al.28. It is observed 
that a significant zone of inhibition in millimetres 
(mm) among the three combinations of CS/clay 
biocomposite films is as follows:
CS/BNTN > CS/Si > CS/KAO
 Our literature review revealed that the agar 
well diffusion method has never been used 
to evaluate the antimicrobial effects of CS/Si 

biocomposite films. In the current investigation, 
all of the biocomposite films demonstrate 
measurable inhibitory effects against both 
gram negative and gram-positive bacteria. 
Cankaya et al. have reported the antibacterial 
characteristics of CS/Na+ Montmorillonite and 
CS/Nanoclay, highlighting their significant 
antimicrobial efficacy in these biocomposite 
materials20. Vijayalekshmi et al. also investigated 
the antibacterial activity of Chitosan-
Montmorillonite Clay/TiO2 nanocomposites 
using gram negative and gram positive bacteria 
and observed all the nanocomposite shows high 
antibacterial activity33.
 Table 5 summarizes the zone of inhibition of 
crude extract against bacterial strains MTCC-
739 and MTCC-441.

Conclusion
The prepared CS/clay biocomposite films were 
characterized via XRD, SEM, FT-IR, TGA, 
DSC, UV/Vis and UTM analyses. XRD and 
SEM analyses provide the necessary information 
about the distribution of clay particles in the CS 
molecule. CS/BNTN biocomposite films show a 
bit more complicated crystalline structure than 
the CS/Si biocomposite films. SEM micrographs 
indicate an intercalated kind of morphology 
exhibited by both types of biocomposite films. 
FT-IR and UV-Vis analyses show the interactions 
between CS and clay particles in the prepared 
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Table 5. Zone of inhibition in a test against bacterial strains MTCC-739 and MTCC-441

S. No. Test 
Sample

Zone of inhibition (diameter) mm 
 Escherichia coli bacteria

 (MTCC-739)
Bacillus subtilis bacteria 

(MTCC-441)
1. CS/BNTN-1 25 ± 0.02 22 ± 0.02
2. CS/BNTN-3 26 ± 0.01 23 ± 0.01
3. CS/Si-1 23 ± 0.02 21 ± 0.02
4. CS/Si-3 24 ± 0.01 22 ± 0.01

biocomposite revealing the successful preparation 
of biocomposite rather than a physical mixture. 
The thermal stability of all the biocomposite 
films was remarkable. The CS/Si biocomposite 
films were found to have better thermal stability 
than CS/BNTN and CS/Si biocomposite films. 
For all the biocomposite films, an improvement 
in mechanical properties has been observed. 
Compared to CS/Si and CS/KAO biocomposite 
films, CS/BNTN biocomposite films have a 
higher tensile strength. Antimicrobial activity 
results reveal that both gram-negative and gram-
positive bacterial growth are strongly inhibited 
by all of the biocomposite films. Additionally, 
CS/BNTN biocomposite film exhibits the 
highest zone of inhibition against both types of 
bacteria. Among the synthesized biocomposite 
films, CS/BNTN-3 exhibits good mechanical 
and significant antimicrobial properties than 
the other two. Therefore, it is assumed that CS/
BNTN-3 would be an excellent candidate for 
food packaging material. 

References
1. Lin, K.F., Hsu, C.Y., Huang, T.S., Chiu, 

W.Y., Lee, Y.H., Young, T.H. (2005). A novel 
method to prepare chitosan/montmorillonite 
nanocomposites. J. Appl. Polym. Sci. 98: 
2042-2047.

2. Ahari, H., Golestan, L., Anvar, S.A.A., 
Cacciotti, I., Garavand, F., Rezaei, A., 
Sani, M.A., Jafari, S.M. (2022).  Bio-
nanocomposites as food packaging 
materials; the main production techniques 
and analytical parameters. Adv. Colloid 
Interface Sci. 310: 102806.

3. Garavand, Y., Taheri-Garavand, A. 

Garavand F., Shahbazi, F., Khodaei, D., 
Cacciotti, I. (2022). Starch-polyvinyl 
alcohol-based films reinforced with chitosan 
nanoparticles: physical, mechanical, struc-
tural, thermal and antimicrobial properties. 
Appl. Sci. 12: 1111.

4. Bhattacharjee, M., Pramanik, N.B., 
Singha, N.K., Haloi, D.J. (2020). Recent 
advances in RDRP-modified chitosan: 
a review of its synthesis, properties and 
applications. Polym. Chem. 11: 6718- 6738.

5. Vijayasri, K., Tiwari A. (2019).  Radiation 
degraded chitosan: Efficiency and investi-
gation of adsorption of arsenic (V) from 
aqueous solution. Anal. Chem. Lett. 9: 182-
195. 

6. Vijayasri, K., Tiwari, A., Chaudhari 
C.V.  (2019). Fixed-bed column studies on 
removal of As (V) by radiation grafted poly-
mer “Chitosan-g-MAETC”. Anal. Chem. 
Lett. 9: 486-503.

7. Pandis, C., Madeira, S., Matos, J., 
Kyritsis, A., Mano, J. F. (2014). Chitosan-
silica hybrid porous membranes. Mater. Sci. 
Eng. 42: 553-561.

8. Kean, T., Thanou, M. (2010). Biodegrad-
ation, biodistribution and toxicity of 
chitosan. Adv. Drug Deliv. Rev. 62: 3-11. 

9. Madni, A., Kousar, R., Naeem, N., 
Wahid, F. (2021). Recent advancements in 
applications of chitosan-based biomaterials 
for skin tissue engineering. J. Bioresour. 
Bioprod. 6: 11-25. 

10. Gu, S., Kang, X., Wang, L., Lichtfouse, E., 
Wang, C. (2019). Clay mineral adsorbents 
for heavy metal removal from wastewater: 
a review. Environ. Chem. Lett. 17: 629-654.

 Madhabi Bhattacharjee et al. / Anal. Chem. Lett. 13 (6) 2023 pp 609 - 625 623



11. Karathanasis, A.D. (2017). Clay Minerals: 
Weathering and Alteration of Encyclopedia 
of Soil Science. CRC Press: Boca Raton, FL, 
USA 430–434.

12. Martino, L., Guigo, N. van Berkel, 
J.G., Sbirrazzuoli, N. (2017). Influence 
of organically modified montmorillonite 
and sepiolite clays on the physical 
properties of bio-based poly (ethylene 2, 
5-furandicarboxylate). Compos. B. Eng. 
110: 96-105. 

13. Hristodor, C.M., Vrinceanu, N., Pui, A., 
Novac, O., Copcia, V.E., Popovici, E. (2012). 
Textural and morphological characterization 
of chitosan/bentonite nano-composite. 
Environ. Eng. Manag. J. 11: 573-578.

14. Grim, R. E., Guven, N. (2011). Bentonites: 
geology, mineralogy, properties and uses. 
Elsevier, Amsterdam, Oxford, New York.

15. Tan, W., Zhang, Y., Szeto, Y.S., Liao, L. 
(2008). A novel method to prepare chitosan/
montmorillonite nanocomposites in the 
presence of hydroxy-aluminum oligomeric 
cations. Compos. Sci. Technol. 68: 2917-
2921.

16. Arruebo, M. (2012). Drug delivery from 
structured porous inorganic materials. Wiley 
Interdiscip. Rev. Nanomed. Nanobiotechnol. 
4: 16-30.

17. Zhong, T., Xia, M., Yao, Z., Han, C. 
(2022). Chitosan/Silica nanocomposite 
preparation from shrimp shell and its 
adsorption performance for methylene blue. 
Sustainability 15: 47.

18. Darder, M., Colilla, M., Ruiz-Hitzky, E. 
(2003).  Biopolymer-clay nanocomposites 
based on chitosan intercalated in 
montmorillonite. Chem. Mater. 15: 3774-
3780.

19. Laaraibi, A., Moughaoui, F., Damiri, F., 
Ouakit, A., Charhouf, I., Hamdouch, 
S., Jaafari, A., Abourriche, A., Knouzi, 
N., Bennamara, A., Berrada, M. (2018). 
Chitosan-clay based (CS-NaBNT) bio-
degradable nanocomposite films for poten-
tial utility in food and environment. Chitin-
Chitosan-Myriad Functionalities in Science and 
Technology, IntechOpen 46-69.

20. Cankaya, N., Sahin, R. (2019). Chitosan/
clay bionanocomposites: structural, antibac-
terial, thermal and swelling properties. 
Cellul. Chem. Technol. 53: 537-549.

21. Salama, A., Abou-Zeid, R.E. (2021). Ionic 
chitosan/silica nanocomposite as efficient 
adsorbent for organic dyes. Int. J. Biol. 
Macromol. 188: 404-410.

22. Mohammed, M.I., Ismael, M.K., Gonen, 
M. (2020). Synthesis of chitosan-silica 
nanocomposite for removal of methyl orange 
from water: composite characterization and 
adsorption performance. In IOP Conference 
Series: Materials Science and Engineering 
745: 012084. 

23. Al-Sagheer, F., Muslim, S. (2010). Thermal 
and mechanical properties of chitosan/SiO2 
hybrid Composites. J. Nanomater. 2010: 1-7. 

24. Blachnio, M., Budnyak, T.M., Derylo-
Marczewska, A., Marczewski, A.W., 
Tertykh, V.A. (2018). Chitosan-silica hybrid 
composites for removal of sulfonated azo 
dyes from aqueous solutions. Langmuir 34: 
2258-2273.

25. Cacciotti, I., Lombardelli, C., Benucci, I., 
Esti, M. (2019). Clay/chitosan biocomposite 
systems as novel green carriers for covalent 
immobilization of food enzymes. J. Mater. 
Res. Technol. 8: 3644-3652.

26. Benucci, I., Liburdi, K., Cacciotti, I., 
Lombardelli, C., Zappino, M., Nanni, 
F., Esti, M. (2018). Chitosan/clay nano-
composite films as supports for enzyme 
immobilization: An innovative green 
approach for winemaking applications. Food 
Hydrocoll. 74: 124-131.

27. Benucci, I., Lombardelli, C., Cacciotti, 
I., Esti, M. (2020). Papain covalently 
immobilized on chitosan–clay nanocomposite 
films: Application in synthetic and real white 
wine. Nanomater. 10: 1622.

28. Bhattacharjee, M., Goswami, S., Borah, P., 
et al. (2023). Preparation, characterization, 
and antimicrobial activity of chitosan/kaolin 
Clay biocomposite Films. Macromol. Chem. 
Phys. 2300008. 

29. Barman, J., Sarma, K.C., Sarma, M., 
Sarma, K. (2008). Structural and optical 

 Madhabi Bhattacharjee et al. / Anal. Chem. Lett. 13 (6) 2023 pp 609 - 625 624



studies of chemically prepared CdS nano-
crystalline thin films. Indian Journal of Pure 
and Applied Physics 46: 339-343.

30. Valgas, C., Souza, S.M.D., Smania, E.F., 
Smania Jr., A. (2007).  Screening methods 
to determine antibacterial activity of natural 
products. Braz. J. Microbiol. 38: 369-380. 

31. Budnyak, T.M., Pylypchuk, I.V., Tertykh, 
V.A., Yanovska, E.S., Kolodynska, D. 
(2015). Synthesis and adsorption properties 
of chitosan-silica nanocomposite prepared 
by sol-gel method. Nanoscale Res. Lett. 10: 
1-10. 

32. Dey, S.C., Al-Amin, M., Rashid, T.U., 
Ashaduzzaman, M., Shamsuddin, S.M. 
(2016). pH induced fabrication of kaolinite-
chitosan biocomposite. Int. Lett. Chem. Phys. 

Astron. 68: 1-9.
33. Vijayalekshmi, V. (2015). UV-Visible, 

mechanical and anti-microbial studies of 
chitosan-montmorillonite clay/TiO2 nano-
composites. Res. J. Recent Sci. 131-135.

34. Devi, N., Dutta, J. (2017). Preparation 
and characterization of chitosan-bentonite 
nanocomposite films for wound healing 
application. Int. J. Biol. Macromol. 104: 
1897-1904.

35. Abdelkrim, S., Mokhtar, A., Djelad, A., 
Bennabi, F., Souna, A., Bengueddach, A., 
Sassi, M. (2020). Chitosan/Ag-bentonite 
nanocomposites: preparation, characteri-
zation, swelling biological properties. J. 
Inorg. Organomet. Polym. Mater. 30: 831-
840.

 Madhabi Bhattacharjee et al. / Anal. Chem. Lett. 13 (6) 2023 pp 609 - 625 625


	Button 1: 


